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”Engineering is not about perfect solutions;
it is about doing the best you can with limited resources.”
By Randy Pausch, The Last Lecture
Professor of computer science, human-computer interaction
October 23, 1960 - July 25, 2008
Abstract
T he assembly of aerospace structural parts usually requires applying one or more ma-chining operations to join the mating parts or stacks to form an assembly. Drilling
is one of the most common machining processes for making holes and rivets in aerospace
structural parts. Poor hole quality related to improper hole tolerances or the presence of
drilling-induced damage are some of the major reasons for the part rejection at the assembly
stage. The rejection is more likely to occur when drilling stacks of carbon/glass fibre re-
inforced plastic (CFRP or GFRP) composites and metals such as titanium and aluminium
alloys or fibre metal laminates due to the difference in mechanical and thermal properties
of both materials. Fibre metal laminates commercially known as GLARE are currently
being used in the fuselage of the largest commercial aircraft in the world Airbus A380 due
to their superior mechanical properties over monolithic aluminium alloys. The process of
drilling GLARE fibre metal laminates in aircraft structures is more complicated than drilling
metals or composites alone due to its hybrid structure and abrasive nature which can af-
fect the machined surface quality and tool life. Following an extensive literature review on
the machinability of aluminium alloys, composites, composite metal stacks and fibre metal
laminates. It was found that the research on the machinability of fibre metal laminates is
limited by the work of few researchers. Only one master thesis was openly published since
the introduction of fibre metal laminates in 1987 followed by some drilling work carried
out by few researchers in the past few years. The published work on machining GLARE
was concerned with tool wear and delamination as they are considered two of the main
problems faced when machining such structures. Moreover, the studies only investigated
the machinability of thin laminates of less than 2 mm, which could probably be due to
the high costs of GLARE material. As mentioned earlier, very limited research has been
reported on the drilling of GLARE fibre metal laminates since its introduction, while no
studies have been reported on drilling operations using modern cooling technologies despite
showing promising results on improving surface finish in composites and metals. The lack
of information on the machinability of GLARE fibre metal laminates prompted tests to
determine the influence of cutting parameters and the application of two modern cooling
technologies namely minimum quantity lubrication and cryogenic cooling on the machined
hole quality in GLARE. Moreover, the effect of fibre orientation and workpiece thickness
were investigated using design of experiments to reduce the overall costs and time of the
trials.
ii
The present thesis investigates the machining performance of an aerospace structural ma-
terial commercially known as GLARE fibre metal laminate and its metal constituent alu-
minium Al2024-T3 aerospace alloy using commercially available solid carbide twist drills.
The objective is to quantify the effects of the cutting parameters and two modern coolant
technologies on cutting forces and a number of hole quality parameters. The generated
drilling cutting forces, quality of machined hole and drilling-induced damage and defects
when drilling GLARE fibre metal laminates were experimentally studied. Drilling-induced
defects and damage investigated were surface roughness, burr formation at both sides of
the workpiece and interlayer burr, hole size and circularity error, chip formation as well as
damage described at the macro level (delamination area) using computerised tomography
(CT) scan, and at the micro level (fibre matrix debonding, chipping, adhesions, cracks)
using scanning electron microscopy (SEM). The experimental results have been statistically
analysed using full factorial and response surface methodology statistical techniques to gen-
erate multiple regression models which makes it attractive as an indirect tool predicting
the machining outputs prior the start of actual tests. Moreover, the analysis of variance
(ANOVA) was employed to determine the percentage contribution of drilling parameters on
cutting forces and hole quality outputs. The results indicated that the presence of coolant
during the drilling process of GLARE could significantly improve hole quality. The use of
cryogenic liquid nitrogen was found to eliminate the formation of waste on the borehole
surface and burr formation at the hole exit. Using minimum quantity lubrication coolant
was found to reduce the workpeice temperature compared to dry drilling at room temper-
ature. Both coolants reduced the surface roughness compared to dry drilling but increased
the cutting forces especially when using cryogenic liquid nitrogen. The cutting parameters
results indicated that a maximum operating feed rate of 300 mm/min and a maximum spin-
dle speed of 6000 rpm is recommended for superior hole quality results. Moreover, drilling
at or below those levels of cutting parameters did not lead to severe delamination or fibre
pull outs in the laminate compared to the higher cutting parameters used in the study. In
addition, the fibre orientation and workpiece thickness were found to play a significant role
on surface roughness and hole size but did not have a considerable impact on cutting forces
due to the small thickness of glass fibre layers in the laminate. Adhesion and built up edge
was found to be the main wear mechanism when drilling monolithic aluminium alloy, while
adhesion and abrasion of the primary and secondary facets of the drill were identified to be
the main wear process that occurs in drilling GLARE laminates.
iii
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F ibre metal laminates (FMLs) are hybrid materials made up of alternating layers ofthin metallic sheets and composite layers bonded together using adhesive epoxy. FMLs
were mainly developed for aerospace applications as an alternative for monolithic aluminium
alloys in aircraft structures as they provided better fatigue crack growth resistance and
damage tolerance. The recent member of the FML family commercially known as GLARE
is currently installed in the upper fuselage of the largest commercial aircraft in the world
Airbus A380. GLARE is made of alternating layers of thin aluminium sheets and S2 glass
fibre prepregs bonded together using FM94 adhesive epoxy. In addition to the advantages
of FMLs mentioned previously, GLARE offered significant weight reductions and impact
resistance compared to monolithic aluminium alloys, which makes it even more attractive
for other aerospace applications were weight combined with performance is necessary.
There has been much research on milling and drilling of composites and composite metal
stacks in the available literature. However, only a limited number of experimental studies
were reported on the machinability of fibre metal laminates. The machinability of FMLs
and GLARE in particular has been previously tested for their applicability for a variety of
conventional machining processes such as drilling and milling, and non-conventional machin-
ing processes such as water jet and laser cutting [1]. The manufacturing and installation of
GLARE fuselage structures usually require machining processes to shape them to the right
dimensions using milling operations or drilling holes for riveting and assembly purposes.
The tests on GLARE laminate indicated that three phenomena proved to be important
during machining operations necessary to fulfil requirements related to tolerances or assem-
bly needs, which were the the cutting tool wear, delamination in glass fibre layers and the
heat affected zone at the edges of the laminate. Nevertheless, there is a limited information
on their machinability in the published literature. Improving the machinability of FMLs re-
quires a thorough understanding of the behaviour of its constituents; metal and composite,
and the way they interact and affect each other. Metals and composites react differently to
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the drilling process and therefore, require different machining considerations. Some areas
on the machinability of GLARE still remains to be further verified by more detailed testing
and analysis. Therefore, there is an urgent need for new research to understand experi-
mentally how those FMLs behave under various machining conditions. Hence, this thesis
carries out a comprehensive machinability study of conventional drilling of GLARE fibre
metal laminates and its metallic constituent using twist drilling operation.
The aim of the research is to explore the influence of machining parameters on the hole
quality of the aerospace structural material GLARE and its metal constituent Al2024-T3
aluminium alloy using experimental analysis. Moreover, the research will experimentally
investigate the impact of using two cooling technologies known as minimum quantity lu-
brication (MQL) and cryogenic cooling using liquid nitrogen (LN2) on the machinability
of the FML. The research will conduct an in-depth analysis of surface quality of machined
holes, which includes investigating the surface roughness, burr formation, delamination and
variation in drilled hole size and circularity error. In addition, the effect of cutting parame-
ters, cooling condition, workpiece thickness and fibre orientation on cutting forces, cutting
temperatures and post machining tool condition will be analysed. The need to optimise the
drilling parameters is essential to obtain a high quality of drilled holes and to minimise any
defects that may adversely affect the long-term structural durability of the A380 structure.
The research presented in this thesis was undertaken within the Composite Systems Innova-
tion Centre in the Department of Mechanical Engineering at the University of Sheffield. The
project was carried out in collaboration with the Advanced Manufacturing Research Centre
(AMRC) and the support of several industrial collaborators and academic institutions which
are fully acknowledged for their contribution in the acknowledgement section.
1.1 Aim of the research
The aim of the research is to investigate the machinability of GLARE fibre metal laminates
through the assessment of the following objectives:
• To perform a comprehensive literature review on previous research and published work
on the drilling of aluminium alloys, composite metal stacks and fibre metal laminates.
• To perform a comprehensive literature review on previous research and published
work on the performance of MQL and cryogenic coolants in machining metals and
composites.
• To investigate the generic parameters of drilling GLARE laminates, such as stacking
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sequence, hole quality including (Surface roughness, Delamination, Burr formation,
deviation of hole size and circularity error), machining temperatures and the influence
of ductile/brittle interface zone.
• To evaluate the performance of minimum quantity lubrication and cryogenic cooling
using liquid nitrogen in conventional twist drilling of GLARE fibre metal laminates,
and compare their effect against dry drilling at room temperature.
• To determine the preferred cutting parameters and conditions of drilling holes in
different GLARE grades and thicknesses using carbide TiAlN coated twist drills.
1.2 Novelty of the research
Interest from the aerospace sector on fibre metal laminates is rapidly increasing as they
combine outstanding properties of their constituent; metal and composite. GLARE offers
the opportunity to study the effect of cutting parameters and two modern cooling tech-
nologies on the hole quality in the main families of aircraft materials, i.e. aluminium and
composites. The experimental work carried out in this research will help the scientific com-
munity to use optimal machining parameters for best hole quality during drilling operation
of GLARE. Regarding metal and composite machining, the challenges in producing a good
quality hole and the need for an automated inspection/detection of quality problems have
been acknowledged by researchers in the manufacturing community. However, as evidenced
by the conducted literature review, the machinability of fibre metal laminates can be consid-
ered as a new-born research in all machining processes. Among those machining processes,
drilling is one of the most frequently used for the production of holes for riveting and bolt-
ing applications. This research aims to address some of the influential parameters in the
production of a good quality hole when drilling GLARE fibre metal laminates through hole
damage and defect examination, and the performance of two modern cooling technologies.
The work in this Ph.D. is relevant to the industry such that it contributes to the opti-
misation of two grades of GLARE fibre metal laminates under dry and MQL conditions.
Therefore:
• A limited number of publications are available on machining FMLs, specifically drilling
GLARE fibre metal laminates and the use of different cooling technologies to evaluate
the hole quality for this material is not reported. This research will focus on filling
this gap and give a better understanding of GLARE drilling characteristics.
• This research, for the first time, will present a comparison study on the effectiveness of
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applying different cooling methods (minimum quantity lubrication and cryogenic liquid
nitrogen cooling) when drilling GLARE in order to investigate its effects on cutting
force, torque, delamination, surface roughness, burr formation and tool condition.
• Results from the tests, including thrust force, torque, surface roughness, burr forma-
tions, chip formations, hole size and circularity error, drilling-induced delamination
damage, post machining microhardness of the upper and lower surface of the laminate
are presented and compared with previous available literature on drilling fibre metal
laminates.
• The objectives intended in this research are to investigate the machinability of different
grades and thicknesses of GLARE fibre metal laminates, based on the available knowl-
edge on machining metals, composites and composites metal stacks. The motivation
for this PhD work was to select the optimum machining parameters for maximising
effectiveness of minimum quantity lubrication and liquid nitrogen cryogenic cooling
application in drilling GLARE and compare them to room temperature cutting envi-
ronment.
• The research will also look into the effect of MQL coolant flow rate and air pressure
on machinability improvements in the drilling of fibre metal laminates. The work
in this Ph.D. is important to industry such that it contributes to determining the
drilling parameters of two grades of GLARE fibre metal laminates under dry and
MQL conditions.
• In the first part of the research, drilling experiments are conducted to investigate and
understand the effect of cutting parameters on a number of machinability indices. The
tested range of cutting parameters are incorporated in statistical design methodolo-
gies to investigate a number of hole quality parameters, such as cutting forces, surface
roughness, burr formations, hole size and circularity error, chip formation, post ma-
chining microhardness of the upper and lower aluminium sheets and post machining
condition of the cutting tools.
• The reported literature on machining GLARE laminates have looked into a limited
number of machinability indices, while there has been little effort to associate the
performance of coolants with machining parameters. Therefore, the second part of this
study attempts to establish the relationships between two modern cooling technologies
and the cutting parameters used for making hole in GLARE laminates by evaluating
the same machinability outputs described in the first part.
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1.3 Thesis Outline
This thesis contains nine chapters.
Chapter 1: Introduction
This chapter summarises the thesis background motivation, and importance to aerospace
industry, summarising the fundamental knowledge gap that needs to be filled to improve
drilling performance of GLARE fibre metal laminates and aluminium alloy, followed by list-
ing the aim and objectives of the work and the layout of the thesis with a brief description
of chapter contents.
Chapter 2: Literature review
This chapter gives a brief introduction to the history of fibre metal laminates with em-
phasis on GLARE, providing details on its grades, manufacturing process and its current
and future applications. The chapter also presents a detailed review particularly focused
on the machinability of metals, composites and fibre metal laminates with emphasis on the
drilling process. Details of some of the most important aspects of the drilling operation
and most noticeable published work on drilling those materials are provided. The chapter
also focuses on the impact of cutting parameters, workpiece properties and cutting tools
on the machining process. The chapter also presents a literature review on the application
of MQL and cryogenic cooling in machining operations with a focus on their use in the
drilling process for a wide variety of workpiece materials with emphasis on aluminium and
composites which make up GLARE constituents. The chapter also summarises the methods
used for delivering the MQL and cryogenic cooling to the cutting zone and their impact on
the quality of the machined hole in various materials and machining processes.
Chapter 3: Methodology and experimental details
This chapter presents the methods carried out to conduct the machining trials, samples
preparation and the equipment used to measure various hole quality parameters in the re-
search. The type of cutting tool utilised and microscopes used is also presented. In addition,
a detailed description of using Design of Experiments (DOE) for drilling trials is provided
in this chapter. The chapter also describes the methodologies undertaken to measure the
cutting forces, surface roughness, hole size and circularity error, burr and chip formations,
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optical and scanning electron microscopy, three-dimensional imaging for surface topography
analysis and computerised tomography (CT) scan for internal delamination inspection.
Chapter 4: Performance evaluation of drilling Al2024-T3 alloy at room temper-
ature
In this chapter, the application of various cutting parameters (spindle speed and feed
rate) was investigated to evaluate their influence on drilling Al2024-T3 aluminium alloy
by analysing their effect on cutting forces and hole quality parameters. Design of experi-
ments statistical techniques were used to plan the drilling trials and reduce reduce the size
of the experiments hence, saving time and cost. Analysis of Variance (ANOVA was utilised
to find the significant factors influencing hole quality, and finally a set of cutting parameters
was recommended for dry drilling the aluminium alloy.
Chapter 5: Performance evaluation of drilling GLARE at room temperature
In this chapter, the application of various cutting parameters (spindle speed and feed rate)
was investigated to evaluate their influence on drilling two grades of GLARE namely GLARE
2B and GLARE 3. In addition, the influence of workpiece thickness and fibre orientation was
investigated by analysing their effect on cutting forces, hole quality parameters and drilling
temperatures at the exit side of the hole. Full factorial and response surface methodology
(RSM) statistcal techniques were used to design the drilling trials to reduce the machining
time and costs. Analysis of Variance (ANOVA) and multiple linear regression analysis was
utilised to find the significant factors contributing to the different hole quality parameters
and finally a set of cutting parameters was recommended for dry drilling of GLARE lami-
nates.
Chapter 6: Performance evaluation of drilling GLARE using MQL and Cryo-
genic liquid nitrogen coolants
In this chapter, the effect of MQL and cryogenic cooling was carried out to evaluate their
impact on drilling GLARE 2B fibre metal laminate by analysing their effect on cutting
forces, hole quality parameters and drilling temperatures at the exit side of the hole using
the same cutting parameters previously used in dry drilling trials in Chapter 6. Full factorial
and response surface methodology (RSM) approaches were used to design the experiments.
Analysis of Variance (ANOVA) and multiple linear regression analysis was utilised to find
the significant factors contributing to the different hole quality parameters and finally pro-
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posed a recommended condition for dry drilling of GLARE laminates and aluminium alloy
on the basis of the range used cutting parameters under each coolant.
Chapter 7: Discussion on drilling Al2024-T3 and GLARE using Dry MQL and
Cryogenic liquid nitrogen
This chapter discusses in details the differences between drilling Al2024-T3 alloy and GLARE
2B 11/10-0.4. The chapter also analyses the differences in drilling GLARE 2B 11/10 under
dry, cryogenic and MQL conditions. The comparison is carried out by evaluation the pre-
viously reported cutting forces and hole quality parameters in chapters 4, 5 and 6.
Chapter 8: Conclusions and recommendation for future work
This chapter summarises the scientific findings from the research conducted in the previous
chapters and provides suggestions for possible future work on machining GLARE.
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Chapter 2
LITERATURE REVIEW
2.1 Fibre-Metal Laminates: An Overview
F ibre metal laminates (FMLs) are hybrid materials made up of alternating layers of thinmetallic sheets and composite prepregs as shown in Figure 2.1. FMLs are composed of
metals usually Aluminium with either glass (commercially known as Glare) based on R-glass
or S2-glass fibres [2], Aramid (commercially known as ARALL) or carbon (commercially
known as CARALL).
Figure 2.1: A typical fibre metal laminate
Applications of FML are widely used and are consistently growing in aerospace and defence
structural applications due their high performance. FMLs which contain aluminium alloys
such as GLARE and ARALL as shown in Figure 2.2 were mainly developed for applications
in aircraft components where fatigue resistance is required. For example: the lower wing
and fuselage skins of a plane. However, these materials are suitable for other areas such
as flap skins, cargo bay liners floors and speciality airline containers [3]. Their unique
features combine fatigue and impact resistance with relatively low density, flame (high burn-
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through) and corrosion resistance. Moreover, they possess excellent damping and insulation
properties.
Figure 2.2: Family of fibre metal laminates [4]
The main motivation behind researching and developments in fibre metal laminates (GLARE)
was to achieve weight reductions in the aircraft structures [5]. Another motivation was to
improve fatigue resistance [6]. It was previously well known that bonded aluminium sheets
had better fatigue performance than that in monolithic aluminium with an equivalent thick-
ness. Later on, fibre layers were introduced between the metal sheets to improve further
the fatigue performance; the most significant result was crack bridging that is the ability
of the fibre to stop the crack from spreading through from the cracked aluminium sheet to
the other aluminium sheets in the laminate, although considered to be a composite. Nev-
ertheless, FMLs properties are designed, produced, implemented and inspected similarly to
monolithic metal sheets rather than composites [4].
2.1.1 Glare Fibre Metal Laminate
GLARE (GLass Aluminum Reinforce Epoxy) is the second generation of the fibre metal
laminates family (FMLs) [1]. GLARE consists of a stack of alternating aluminium sheets and
intermediate glass fibre prepregs (usually from 2- 4 prepregs), with a nominal fibre volume
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fraction of approximately 59 %. The Aluminium sheets in standard GLARE are aluminium
alloy 2024-T3 for GLARE grades (2-6), or aluminium alloy 7475-T761 for GLARE grade 1.
Alloys of 7000 grades are stronger and more brittle whereas the 2024 alloy is more ductile
and slightly stiffer [7]. The fibre laminates are unidirectional S2-glass fibres (Magnesium
alumina silicate glasses) embedded in an adhesive system FM94. The S2 glass fibres and
adhesive system were mainly developed for aerospace applications, some of their mechanical
properties are shown in Table 2.1.
Table 2.1: Mechanical properties of S2 glass fibre and FM94 adhesive system used in
GLARE laminates [1]
The adhesive system plays a significant role in the bond strength between glass fibre layers
and aluminium sheets. The aluminium sheets surfaces are pre-treated either with chromic
acid or phosphoric acid anodising process, and then are primed with BR-127 corrosion
inhibiting bond primer. The fibres are delivered as a prepreg including the FM94 adhesive
system from Cytec in the U.K [1]. The aluminium and glass fibre layers are bonded together
with FM94 epoxy adhesive, the thickness of the aluminium sheets varies between 0.2 and
0.5 mm. For each prepreg layer, the nominal thickness of a single layer is 0.127 mm [1]. The
glass fibre layers always consist of two or more unidirectional prepreg layers that are related
to the aluminium rolling direction, the rolling direction of aluminium defines the fibres
direction in the prepreg layer. The longitudinal direction of fibres is either 0◦ similar to the
aluminium rolling direction- or 90◦ is the transverse rolling direction. The first commercial
aircraft to use GLARE in its structure was the Airbus A380 as shown in Figure 2.3. It
currently uses GLARE in the upper fuselage skin panel structures of the aircraft [8].
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GLARE have six different grades, the standard grades of GLARE and their specifications are
summarised in Table 2.2. A laminate coding system is used to define the different GLARE
types and lay-ups to be tailored to meet the required performance of various applications
(impact, fatigue, shear, off axis properties). The general configuration is represented as
shown below [9].
Glare−Nal/Ngl − tal → [Al2024/prepreg/Al2024/prepreg/.../Al2024] (2.1)
Where:
• Nal: number of aluminium layers
• Ngl: number of glass fibre prepreg layers
• al: thickness of the aluminium layers (0.2-0.5 mm).
Table 2.2: Standard grades of GLARE [1]
1 The Aluminium rolling directions in standard laminates are in the same orientation; the axial rolling
direction is defined as 0◦, the transverse rolling direction is defined as 90◦.
2 The number of orientations and the thickness listed in this column is equal to the number of UD glass
fibre epoxy prepregs (each nominally 0.127 mmthick).
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Figure 2.3 below illustrates an example of the configuration of a GLARE lay-ups and Table
2.3 depicts some of the mechanical properties of S2 glass fibre prepreg and Al2024-T3 alloy.
Figure 2.3: Illustrations of GLARE fibre metal laminates [10]: (a) GLARE 2 with
unidirectional glass fibre layers ; and (b) GLARE 3 with cross-plied glass fibre layers
Table 2.3: Mechanical Properties of S2-glass fibre prepreg and Al2024-T3 [6, 11–14]
The symbols L and T stands for longitudinal (the rolling direction for the metal) and transverse
directions respectively.
Airbus chose GLARE to be a part of the A380 fuselage skin due to the limited fatigue life
of previous aircraft skin structure made up of aluminium, the presence of fatigue requires
continuous inspection and maintenance of the aircraft to comply with both the allowable
design stresses and airworthiness requirements [15]. 25 % of the Airbus airframe is made
of composites, 22 % of which are carbon or glass fibre reinforced plastics CFRPs and 3 %
GLARE [16] as shown in Figure 2.4.
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Figure 2.4: Airbus A380 Composite Profile [17]
2.1.2 Manufacturing Process of Glare
Glare is cured in an autoclave for around 300 minutes at elevated temperatures of 120 ◦C
and under a pressure of 6 bars [18] as shown in Figure 2.5. This temperature level guarantees
that the resin viscosity will be low enough to allow it to flow easily during the compression
process and suppress the voids preventing the damage to occur in Aluminium sheets [19].
The curing process of GLARE causes the bonded aluminium sheets to contract more than
the prepreg layers during cooling; this is due to the difference in coefficients of thermal
expansion CTE of GLARE constituents. The thermal curing effects cause a mismatch
in residual stresses in the FML, which could increase the stress intensity factor at the
crack tip [20] while the magnitude of tensile stresses in aluminium sheets depend on the
layup. To overcome the problem of contraction mismatch between metals and composites
in GLARE, the post stretching process of cured FML is sometimes applied to remove those
undesirable tensile residual stresses in aluminium sheets, and compressive residual stresses
in prepreg layers. Having compressive stresses in aluminium sheets is desirable to prevent
crack initiation and growth [1]. The laminate is stretched in one direction to reverse the
stress distributions to a level slightly higher than its yield point and then released. The
strains in the aluminium sheets transferred to the plastic region of the stress-strain curve
while the fibre layers remain elastic [18].
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Figure 2.5: Typical autoclave cure cycle for metal/fibre laminates and thermosetting
composites [19]
2.1.3 Aluminium Alloys
Aluminium alloys are widely used in aerospace and automotive applications, they are best
known for their light weight characteristics, corrosion resistance and average strength. The
classification of aluminium alloys can be based on the major alloying element in the following
groups and as shown in Table 2.4.
The first digit indicates the principal alloying element and the aluminium alloy series. The
second digit indicates the original alloy or the alloy modification if other than 0 (i.e., 1-9).
For 2xxx-8xxx Groups, the third and fourth digits have no special significance but serve
to identify the alloy in the group [21]. An exception is for 1xxx group where the last two
digits provide information on the purity of the alloy above 99 % (the minimum aluminium
percentage). For example, alloy Al1050 indicates that it contains a minimum of 99.50 %
aluminium in its composition [22]. Aluminium alloys strength and mechanical properties can
be either achieved by hardening (cold working) at room temperatures (non-heat treatable
alloys). The temper is denoted by letter H, or by aging heat treatment (heat treatable
alloys), temper denoted by letter T. Additionally, when the wrought alloys are annealed,
the letter O is added in the temper designation, while the letter F is added to the temper
designation to indicate that the product has been shaped without any attempt to control
the amount of hardening [22]. For example, the Al2024-T351 aluminium alloy used in this
research: the first 2 digits indicates the series designation, the 0 indicates that it is mostly
pure aluminium with copper being the major alloying element, the T351 indicates that it is
2.1. FIBRE-METAL LAMINATES: AN OVERVIEW 16
solution heat treated cold worked and naturally aged alloy and relieved by stretching.
Table 2.4: Major alloying element in aluminium alloy series designations [23]
2.1.4 S2 Glass Fibre And FM94 Adhesive Epoxy
Glass fibre composite materials are made of thin filaments of glass, those filaments can
be continuous and coated with an engineered chemical coating or size twisted together
(Yarns), gathered without any twist forming (Roving) or chopped individually to uniform
length (Chop). Fibreglass is made of glass with the only difference being that glass fibres
are cooled slowly rather than rapidly cooled as it is the case in the glass that allows it to
have an ordered crystalline structure instead of a random one. S2 glass fibres are made
of magnesium alumina-silicate glasses attenuated at higher temperatures into fine fibres
ranging from 5 to 24 µm [24]. Some of the mechanical properties of S2 glass fibre are given
17 CHAPTER 2. LITERATURE REVIEW
in Table 2.5.
Table 2.5: High strength S-2 Glass fibre annealed properties measured at 20 ◦C [24]
S2 glass fibres are the strongest regarding strength among other available glass fibres pro-
duced because they contain higher levels of silica than standard glass fibre products. Their
high compressive and tensile strength, high temperature and impact resistance. They are
also resistant to the corrosive environment and suitable for use in high strength applica-
tions under extreme temperatures. S2 glass fibres are used as reinforcement in structural
composite applications and mainly developed for aerospace applications.
The FM94 is a modified epoxy film adhesive (produced by Cytec) and mainly used for
bonding composite metal structures. The adhesive has a service temperature of -55 to 104
◦C and some of its unique properties include excellent elongation and toughness, moisture
resistance and high-temperature performance making it suitable for aerospace applications.
The FM94 adhesive is suitable for bonding purposes in pre-cured and co-cured structural
applications. The S2-glass epoxy prepregs in GLARE are delivered in the form of resin-
impregnated fibres in a flat form known as a unidirectional tape [25]. The unidirectional
tape can be oriented to any direction to give GLARE the desired strength and fatigue
properties [25].
2.1.5 Glare Characteristics
GLARE properties combine the advantages of its composite and aluminium alloy. The
most noticeable advantage is its light weight compared to monolithic aluminium. The glass
fibre has a lower density than Al2024 aluminium, approximately 10 % lower [1] as shown
in Table 2.6. Therefore, for a similar thickness of GLARE and monolithic aluminium,
the GLARE is lighter for every prepreg layer within its composition which means lighter
structures in the aircraft and hence lower fuel consumptions and environmental effects.
The higher melting point of Glass fibre in comparison to monolithic aluminium provides an
enhanced fire resistance. The tests performed by Boeing showed that GLARE had a good
fire through resistance up to 1200 ◦C; the skin made of GLARE was able to last for 15
minutes in comparison with monolithic aluminium skin that melts away in 20-30 seconds
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Table 2.6: GLARE v.s Aluminium comparison ratio [26]
in case of an outside kerosene fire [2]. GLARE have also proved to last for longer times
in the event of a fire. One of the major concerns when using composites in the aircraft is
their low impact damage resistance from damage due to taking off and run away debris,
hail impact, bird strikes, the impact of dropped tools or cargo and service trucks and engine
fragments which require expensive and complicated maintenance procedures. Moreover,
the lack of standardisation of composites restrains the aerospace industry in using these
materials in new aircraft structures [1]. FML in general and GLARE, in particular, can be
easily inspected for plastic deformations caused by impact damages; this can be clearly seen
on the exposed aluminium layer. Moreover, the damage caused can be easily repaired using
riveted or bonded aluminium patches that have the similar stiffness of the fixed material,
hence it does not require any special material to be available in stock for such repairs.
Disadvantages of GLARE is that it has lower stiffness ARALL and Al2024-T3 alloy, es-
pecially in biaxial version of GLARE laminates (multidirectional laminate) [27]. Indeed,
GLARE usually finds its way in fatigue sensitive tension areas such as the fuselage struc-
tures [14]. The price of GLARE is also ten times more expensive than Al2024-T3 per square
metre [27]. The compressive yield strength of the GLARE laminates is lower than the ten-
sile yield strength. GLARE can be machined similarly to aluminium, however, further
investigation on its machinability is required to elaborate the effects of machining param-
eters and coolants on the surface finish of machined holes. The manufacturing process of
GLARE remains complicated and relatively expensive, developments in Vacuum Assisted
Resin Transfer Moulding (VARTM) and out of autoclave manufacturing process is currently
investigated to help reduce its manufacturing costs [28].
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2.2 Machining metals, composites and fibre metal laminates
2.2.1 Fundamentals of Conventional Machining of Metals and Composites
Nowadays composite structures are stacked with metal structures such as titanium and alu-
minium alloys. Those stacks can form a hybrid assembly for the purposes of enhancing the
performance and strength of the structure, and to reduce the weight of the total structure
built. Drilling hybrid stacks is done in the final assembly process to avoid geometry dif-
ferences in the hole between the mating parts in the stack, and to obtain good alignments
and tolerances when assembled; it also improves time and efficiency in the assembly lines
hence reducing machining costs. The need to optimise and control the drilling process is
desired to obtain a high quality of drilled holes. This is where the problem usually begins,
CFRP/GFRP possesses high strength hence they are difficult to cut and abrasive, drilling
them requires different machining conditions and parameters than those needed for met-
als such as titanium and aluminium. Indeed, the machinability of FRPs depends on the
physical and mechanical properties of the fibre and matrix, the fibre orientation and fibre
content [29]. For example, CFRPs are preferably drilled at low feed rates and high spindle
speeds whereas titanium alloys are preferably drilled at high feed rates and low spindle
speeds. Thus, hole quality in drilling composite-metal stacks and FML may become a seri-
ous problem and drilling the stack might cause damage to the materials if these issues are
not taken into consideration.
The properties of the machined material play a significant role in the cutting mechanism and
chip formation behaviour during the drilling process. Aluminium alloys are non-ferrous met-
als while S2/FM94 glass fibre epoxy is a thermoset composite. Drilling GLARE constituents
will produce two different types of chips due to the different physical and mechanical prop-
erties of its constituents. For example, drilling aluminium sheets produces continuous or
discontinuous curling chips due to plastic deformation and elongation with the increase of
temperature during the drilling process [30], while drilling the hard yet brittle glass fibre
layers will produce fragmented and powdery chips by brittle fracture of the matrix and the
fibres [29, 31]. GLARE constituents react differently under different cutting parameters,
for example, drilling at high spindle speeds and feed rates causes the glass fibre epoxy ma-
trix to fail earlier than aluminium sheets due to the high strain rates. Aluminium, on the
other hand, can undergo considerable deformation under high strain rates even at elevated
temperatures. The rise in temperature when machining thick laminates can lead to chip
adhesion on the surface of the laminate and the cutting tool.
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2.2.2 Chip formation and cutting mechanism in metal cutting
The main mechanisms controlling chip formation in metal cutting is by shearing the metal in
three main areas during contact with the cutting tool edge are called: the primary shearing
area, the secondary shearing area and the tertiary searing area [32–34] as shown in Figure
2.6.
Figure 2.6: Metal cutting mechanism showing the three developed shear zones [32]
The primary shearing area results from the high cutting pressure and shearing of the work-
piece material by the cutting tool edge, the cut material undergoes plastic deformation and
exhibits rise in temperature. The secondary shearing area occurs in the chip after it has been
formed while it slides along the cutting tool rake face and tends to increase with increasing
friction between the cutting tool and formed chip. The tertiary shear area between the flank
and the machined surface takes place after the cutting tool passes over the workpiece [35].
The tertiary shear depends on the type of the machined material and is responsible for
flank wear. The chip formation in metal cutting occurs when the shear force exerted by the
cutting tool reaches or exceeds the shear strength of the workpiece material in the primary
shear zone. The cut layer (chip) slides over the cutting tool rake face but remains intact
to the workpiece and while the cutting tool progress ahead, the chip is subjected to further
plastic deformation and shear at the secondary shear zone until the chip can no longer re-
main intact with the workpiece. The formed chips during metal cutting can be classified
into the following types as shown in Figure 2.7.
The type of formed chip depends on the workpiece material and the cutting conditions. For
example, continuous chips forms when cutting at high speeds and low feeds and depths [32].
Continuous chips are formed when the workpiece material have high ductilities like steel
or aluminium, or when the cutting tool edge is sharp and high cutting speeds with low
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Figure 2.7: Types of chip formation in metal cutting [36]
friction on the rake face are present [32, 37]. Continuous chips indicate a good surface
finish. Sometimes the continuous chips undergo high deformations, temperatures and strain
hardening in the secondary deformation zone at the chip-tool interface which causes some of
the chips to adhere to the rake face of the cutting tool forming what is known as built-up edge
formation (BUE). BUE are an undesirable form of adhesion wear which can influence the
surface quality of machined parts and the cutting tool life. On the other hand, discontinuous
chips are produced when machining hard and brittle materials like cast iron and brass or
when cutting ductile metals at very low feeds with small cutting tool rake angle. The
formation of discontinues chip when machining hard metals is desirable and indicates a
good surface finish [30, 32, 37, 38]. Lamellar chips are a form of continuous chips (semi-
continuous) which have variations in the deformation process that form during high cutting
speed and feed conditions. The lamellar chips have zones of low and high shear strain bands
which form a saw tooth like chip pattern. Lamellar chips are formed due to the thermal
or elastomechanical process in the ductile material [37]. The segmented chips are a form
of discontinuous chips which occur when cutting at low speeds or when the cutting tool
have a negative rake angle. Segmented chips are connected together but have cracks with
significant deformations along the flow path [37].
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2.2.3 Chip formation and cutting mechanisms in composite machining
The chip formation mechanism in composite machining differs from that in conventional
metal machining due to their anisotropic properties, low strength and low susceptibility to
plastic deformation [29, 39, 40]. The fibre and the matrix in composites contribute to the
cutting mechanism final chip formation. The reinforcement fibres in composites are strong,
brittle and have poor thermal conductivity like in aramid and glass fibres while the matrix
is less stiff and weak with a low tolerance for high temperatures [29]. An earlier study by
Koplev et al. [41] revealed that chip formation when machining CFRPs is produced from
a series of intermittent fractures without significant plastic deformations usually found in
metal chip formations [40]. The brittle nature of fibre/epoxy matrix in composites produces
discontinues chips made up of fragments of fibres and matrix materials [40]. Early work
by Wang et al. [42] on machining unidirectional composites indicated that chip formation
is highly dependent on the fibre orientation. The type of chip formation in composites
primarily depend on the cutting parameters, the physical and mechanical properties of the
fibre and the matrix and fibre content and orientation [29, 40]. Other important studies by
Arola et al. [43] and Hocheng et al. [31] on machining unidirectional composites indicated
that several cutting mechanisms can occur and that the formed chip is highly dependent
on fibre orientation. Figure 2.8 shows a schematic diagram of the major types of cutting
mechanisms in orthogonal machining of CFRP-based on different angles of fibre orientation
relative to the cutting direction.
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Figure 2.8: Chip formation modes when machining composites using a sharp cutting
edge [29, 42]
The formation of chips during machining of unidirectional composites can be classified into
the following types based on the fibre orientation and the rake angle of the cutting tool
edge [29]:
• Delamination type chip formation (Type I).
• Fibre buckling type of chip (Type II).
• Fibre cutting continuous type chips (Type III)
• Fibre cutting type with discontinuous chips (Type IV).
• Shearing with a discontinuous chip (Type V).
Machining at θ = 0◦ fibre orientation with positive rake angle induces Mode I propagation
along the fibre/matrix interface. Mode I (peeling) loading and bending induced fracture
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occurs as the cutting tool edge advances in the workpiece material perpendicular to the
fibre direction which applies pressure in the axial direction of the fibres [44]. A crack
initiates at the tool point propagating along the fibre matrix interface [29, 45, 46]. The
composite layers peels and slides along the rake face of the cutting tool causing them to
bend like cantilever beam [29]. The delamination occurs due to Mode I loading (opening)
- which is more dominant when cutting with a positive tool rake angle- or due to mode II
(in-plane shearing) [46]. The progression of the cutting tool and the continuous peeling and
bending cycles acting upon the fibre/matrix produces small segmented (discontinuous) chips
which flatten upon separation and attains its original shape due to the absence of plastic
deformation [29]. There is a significant fluctuation in cutting forces in this chip type due to
the repeated cycles of delamination, bending and fracture [29]. Fibre ruptures with matrix
crack propagation ahead of the tool tip is also common in this type when using positive tool
rake angle causing the chip to separate due to brittle fracture [47].
Fibre buckling type of chip (Type II) occurs when zero or negative rake angles are used to
machine 0◦ fibre orientations. The progression of the cutting tool edge in the workpiece
material exerts a compressive load on the fibres along their direction and the negative
rake angle of the cutting tool prevents them from separating from the machined surface
causing them to buckle, and initiate a crack at the fibre matrix/interface [29, 45, 46] as
shown in Figure 2.18.b. The in-plane shearing or Mode II loading is the primary mode
of delamination which dominates the chip formation producing small discontinuous chips.
While cutting force fluctuations are present in this mode, they are much smaller compared
to those produced in delamination type I chip formation mode. Additionally, the machined
surface in buckling and delamination types are similar, however, the formed chips in the
buckling type II tend to be shorter than those produced from delamination type I [29, 46].
The third form of chip occurs with any cutting tool rake angle when the machined fibres are
greater than 0◦ and less than 90◦. Figure 2.18 c and d show the cutting mechanism at 45◦
with positive and negative rake angles. The formed chips may be continuous (Type III) or
discontinuous (Type IV) depending on the amount of interlaminar shear when chip slides
up the cutting tool rake face [29]. The fibre cutting type chip formation mode is dominated
by two distinct fracture modes: First, the fracture occur due to compression-induced shear
across the fibres axes which generates cracks in the fibres above (separate from the machined
surface) and below (remain on the machined surface and can be seen under microscope) the
cutting plane. Second, the interlaminar shear fracture follows next along the fibre/matrix
interface as the cutting tool advances in the workpiece material. The chip flows parallel to
fibre orientation in a similar way chip passes across the shear plane in metal cutting but
with the absence of plastic deformation. The size of the chip here is influenced by fibre
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orientation. The interlaminar shear stress at the fibre/matrix interface increase with fibre
orientation up to 90◦ which in return decreases the size of the formed discontinuous chip.
The resulting machined surface is irregular and fibres protrude out of the surface in various
lengths due to the elastic recovery of the fibres after the progression of the cutting tool away
from the machined surface and the continuous stretching-induced fractures of the fibres, the
protruded fibres are the cause of flank wear [29, 46].
It was previously reported that when the tool edge radius is small enough it can exert
concentrated pressure crushing the individual fibres at the point of contact followed by shear
failure in the fibre-matrix interface as described earlier [31, 44]. However, if the cutting tool
edge radius is larger than the diameter of the fibre, fibre crushing does not take place and a
subsurface interfacial failure occurs causing the fibres to separate from the machined surface
due to bending failure [31, 44]. Type V chip formation mode occurs when machining at θ
= 135◦ or 90◦ < θ < 180◦ [29, 46]. The formed chips are long and discontinuous due to
the compressive stress ahead of the cutting tool point leading to cracks in the fibre and
the matrix. In addition, delamination and shear fracture along the fibre/matrix interface
is present due to severe bending and compression. The fibres are bent then cut along away
from the rake face of the cutting tool while the uncut bent fibres beneath the cutting plane
remain intact to the machined surface and tend to recover elastically brushing against the
clearance face during their recovery [29]. Though the machining technique of metals and
the composite material is similar, their machining behaviour is quite different [48]. The
inhomogeneous nature of composite material influence its machinability and quality of the
machined surface.
2.3 Drilling and Twist Drills
Drilling can be defined as the process of removing material layers from the workpiece to
produce cylindrical holes of various sizes by a combination of the rotary and translational
motion of the cutting tool (the drill bit). Twist drills are the most common tools used in
drilling operations for joining and assembly operations [48]. Figure 2.9 shows a schematic
diagram of a two flute twist drill bit. Twist drills are rotary end cutting tools which have
cutting lips extending from a chisel edge with flutes along its length that allow for chip
evacuation and coolant delivery [49]. The chisel edge in the drill pushes the workpiece
material aside rather than cutting it (indenting mechanism) while the cutting lips clear
away the material from the workpiece at a constant thickness to create a hole [50]. The
cutting speed in the drill will vary depending on the location of the cutting edges, from zero
at the tip of drill and maximum at the outer radius of the major cutting edges [38]. Similar
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Figure 2.9: Twist drill bit geometry [51]
to orthogonal machining cutting tools, the helix angle in drill bits determines rake angle at
the cutting edge of the drill, the rake angle decreases with the decrease of the helix angle
which makes the cutting edges stronger [48].
2.4 Hole Quality and Drilling-induced Damage in Metals,
Composites and FMLs
The evaluation of machined hole quality in GLARE is a more complex issue than that
for composites or metals alone due to its hybrid composite-metal structure. The drilling-
induced damage in GLARE can exist in the metallic aluminium sheets, in the glass fibre
composite layers or can be transferred from metals to composites and vice versa. Hole
quality requirement can vary depending on the material type, drilling conditions and the
recommended tolerances desired in each industry. The cutting tools manufacturer SAND-
VIK reports that the hole quality requirements for metals, composites and composite metal
stacks are different as shown in Table 2.7. For example, when drilling composites, there
is no significant chip formation while the surface roughness is not of a great importance.
While the damage in composites such as delamination, splintering or fraying in addition to
tool wear are considered the main indicators of the hole quality.
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Table 2.7: Common hole quality requirements by aerospace industry according to
SANDVIK Coromant [52]
Regardless of the cutting tool geometry, there will always be a form of damage which would
eventually reduce the quality of the machined holes in the workpiece. These hole criteria can
give an idea about the quality of the machined part and whether to reject it or not. Also,
strict requirements imposed by the aerospace industry demand the production of highly
quality machined parts with minimum defects. For example, the presence of waste material
pressed in the edges of milled GLARE panels is considered a primary machining defect
which leads to immediate rejection of the panel, while some delamination or cracks can be
tolerated if they are repairable [1]. The following sections discuss some of the most common
drilling-induced damage in metals and composites, and parameters used to determine the
surface quality of drilled holes.
2.4.1 Surface roughness
Surface roughness is the measurement of a surface texture or finishes to detect surface ir-
regularities of the workpiece due to manufacturing processes such as machining operations.
The quality of surface finish in machined parts can influence their performance and they
are usually used as criteria for accepting the finished part [53]. With the advance in drilling
technologies and techniques, more attention was attracted to improve the final surface qual-
ity of the machined surfaces in composites and metals such as their surface roughness to
achieve a damage free surface after machining. Surface roughness is influenced by the cut-
ting parameters, cutting tool geometry and the resulting vibration of the cutting tool on the
workpiece material during the machining process. High surface roughness of machined holes
in metals or composites might lead to excessive wear, fatigue, lower the material ability to
resist corrosion and product performance. The surface roughness can be described in terms
of its Ra (average roughness), Rp (maximum peak height), Rv (maximum valley depth) and
Rt (peak to valley height) [30]. The average roughness parameters provide a simple value
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for accepting and rejecting decisions. Arithmetic average roughness or Ra is the arithmetic
average heights of peaks and valleys irregularities measured within the sampling length, L
as shown in the following equation. Table 2.8 shows the ideal ranges of surface roughness







Table 2.8: Ideal ranges of surface roughness for selected material removal operations [29]
2.4.2 Burr formations
Burr formations are unavoidable protrusions in machining operations, especially in high
production environment. Drilling metals can be a challenging task as many defects arise
during the machining process when the drilling tool is entering or leaving the workpiece
some of the material may plastically deform and not be completely removed which creates
sharp edges around the hole which rise above the surface of the works piece. The remaining
of the rough edges is called burr or burr formations which usually forms at both sides of the
drilled hole. The burr formed at hole entry is usually smaller than that formed at the hole
exit. In addition, entry burrs can be easily removed by chamfering the hole [54]. However,
the burr formed at the exit side are more difficult to remove and cause more problems if not
handled properly [54, 55]. Burr formation is one of the common challenges associated with
drilling metals and multilateral stacks since, burrs and rough edges on fastener holes can
cause stress concentrations which could initiate fatigue failures, corrosion and reduction in
the life of the aircraft [56].
As mentioned earlier, different types of burr are produced during the drilling process with
two burrs produced in the drilling of every hole; an entry and an exit burr [55]. Burr
formation in drilling mainly depends on the tool geometry and tool-work orientation [57].
The formation of burrs depends on whether the hole axis is orthogonal or not to the plane of
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the exit surface of the hole [57]. Burrs are unnecessary material remaining after machining
and in order removed it usually requires another machining operation called de-burring. The
removal of burrs is an absolute must for high quality, precision parts. Deburring operations
account for about 30 % of the total manufacturing cost [58]. It also adds extra time to
the machining process, the burrs in the drilling process occupy more than 40 % of total
machining time and reduces production efficiency [59]. The deburring process is performed
manually due to difficulties in automation [55].
The maximum allowable burr formation on a part may vary depending on the product type
application and safety requirements specified by the industry. Some application requires
tighter burr tolerances than others. Usually, when there is a limitation on the maximum
allowable burr size, the technical drawing should take into consideration any requirements of
the state of the edges of the machined part indicating whether the edge should be free from
burr or having a sharp edge with limited burr size. Therefore, international standards such
as the ISO 13715:2000 are applied to the drawings which required edge treatment aimed
at enabling the specification of guidelines for the indication and graphic representation of
the states of edges in technical drawings. Table 2.9 shows the reported burr height and
thickness from previous studies on drilling GLARE and aluminium alloys.
Measuring the formed burrs is important as it can give an indication of the quality of
the drilled hole. Burr is usually classified based on its size and shape but it can also be
measured by its height and root thickness. Measuring burr size (burr height and burr
root thickness) might sometimes require using accurate devices and software due to their
small scale which cannot be seen with naked eye. Optical microscopes [60], surface profile-
meters [61], image processing software and by means of a surface roughness profile-meters
are some of the methods used to measure burrs size. Even though burr height is the most
common measured characteristic when it comes to burr measurements, nevertheless burr
thickness contributes more to deburring costs than burr height [62]. The entry burrs are
generally smaller and can be removed easily by chamfering the hole, while the exit burrs
are larger and are more difficult to remove from the workpiece [54].
2.4.3 Hole size and circularity error (Roundness)
While standard twist drills are commonly used to produce riveted holes for joining aerospace
structural parts, Riveting and bolting in aerospace applications typically require tolerances
as low as ±0.025 mm [66]. For example, material stacks made up of composites and alu-
minium or titanium alloys used for aerospace applications requires hole tolerances of 30 µm
or lower [67, 68]. Although diametric deviations of drilled holes such as circularity have
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Table 2.9: Some of the reported burr height and thickness when drilling GLARE and
aluminium alloys [54, 63–65]
a great importance on the performance of machined parts, nevertheless, they have not re-
ceived much attention as surface integrity [69]. Achieving holes with tight tolerances can be
influenced by several factors such as the mechanical properties of the materials and its hard-
ness, coefficient of thermal expansion and conductivity. Other factors include cutting tool
rigidity and the actual size of the tool. For example, commercial twist drills used in drilling
aerospace structural parts are often smaller than the stated nominal size [70, 71]. Addi-
tionally, the machining cutting parameters and the use of coolants can influence the hole
size, the workpiece fixture, machine vibrations and stability. Hole circularity (roundness)
can be defined as a condition of a surface where all the points of the surface are intersected
by any plane that is perpendicular to an axis is equidistant from that axis [72]. Circular-
ity is a unit-less measurement that ranges between zero and one. The error of circularity
(roundness error) is used to assess the quality of drilled holes and is usually measured in
millimetres. Several methods can be used to determine the error of circularity. The criteria
used depends on a reference circle and criteria include the Least Squares Circle (LSQC),
Minimum Zone Circle (MZC), Minimum Circumscribed Circle (MCC), Maximum Inscribed
Circle (MIC) [73]. The circularity (roundness) can be defined as the geometrical tolerance
which indicates how close a section of a cylindrical part is to a true circle [74]. Table 2.10
shows some of the reported ranges of hole size and circularity error when drilling composites
and aluminium alloys.
There are several international standards which provide a coordinated system of hole and
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Table 2.10: Circularity error range of previous studies on drilling composites and
aluminium alloys [63, 68, 75–82]
shaft tolerances used for cutting tools. In the aerospace industry, the rivet or bolt will be a
close or interference fit to prevent in-plane movement and maximise the bearing strength [83,
84] by forming compressive residual stresses in the metal surrounding the hole [84]. Both fits
require clearances with general requirements for fit accuracy, rigidity and great alignment.
The interference fit can provide a significant improvement on the machined part fatigue
life but requires accurate hole sizing [85]. Some of the holes drilled into composite metal
stack structures for installing fasteners are drilled in clearance fit in the composite structure
and interference fit in the metallic structure to enhance the fatigue life. However, this
process would require dismantling the composite-metal structure for reaming operation of
the holes to provide a clearance fit for the fastener and reassembling process [86], however,
this method cannot be applied to GLARE laminates.
Airbus industries comply with AITM 1.0009 standard [83], which requires a hole to have a
tolerance of H11 and shaft tolerance of f7, the hole designation is written as 6H11f7 which
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are based on 286-2 ISO (System of Limits and Fits is a coordinated system of hole and shaft
tolerances). For example, drilling a hole using a 6 mm cutting tool should ideally have an
upper hole deviation of 75 µm and a hole lower deviation of 0 µm, which means that the
minimum-maximum hole size should be in the range of 6-6.075 mm. Airbus fatigue experts
on GLARE machining recommend that achieving a maximum interference fit of 40 microns
is required and ideally zero interference fit is desired.
As reported by SANDVIK tool manufacturer, typical hole demands when drilling composite
metal stack materials commonly required to achieve an H7 hole tolerance fit based on the
ISO 286 standard. This means that the hole should not vary more than ±12 microns but
more relaxed tolerances such as H8 ±18 microns or H9 ±30 microns were allowed to be
used when drilling composites due to difficulty in achieving H7 tolerances, for example,
SANDVIK recommends that drilled hole tolerance in a composite metal stack should be
between ±20 and ±40 microns [52].
2.4.4 Drilling-induced damage in composites
In addition to the common drilling-induced damage and hole defects which occur in metals,
there are some exclusive forms of drilling-induced damage which might occur in composites.
The existence of those defects in composites parts might reduce their durability and long-
term performance. Konig et al. [87] described some quantitative assessment which defines
the machining quality of drilled holes in composites as shown in Figure 2.10. The defects can
be related to the type of cutting tool and workpiece materials, the cutting tool geometry and
machining parameters [48]. The type of damage when drilling composites can be classified
to a mechanical damage such as, delamination at entry and exit side of the drilled hole, fibre
pull out, fibre linting, chipping, matrix cracking, and matrix smearing. Thermal damage
such as burn off the matrix, chemical damage such as the water recovery of the matrix [46,
69]. Another classification of drilling-induced damage in composites by Lachaud et al. [88]
describes four categories of composite damage when using a twist drill: Hole entry defects
which are related to the characteristic of the composite fibres and drill geometry, circular
defects due to fibre orientation, thermal damage due to friction between the cutting tool
and the workpiece, and delamination at the exit of the hole due to cutting parameters.
2.4.5 Delamination
One of the most critical problems when machining laminated composites is the formation
of delaminated zones. Delamination is the separation of the adjacent plies of a laminated
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Figure 2.10: Quality criteria for drilling FRPs [87]
composite material. This may be local or may cover a large area of the laminate [89].
Delamination occurs when the last plies of the composite (interlaminar stress level) do not
withstand the force exerted by the chisel edge of the drill (the force is greater than the
interlaminar strength) [90, 91]. Delamination is generally considered the main reason which
leads to a deterioration in the load carrying capacity and reduction in the structural integrity
of the laminate [92, 93]. Among the defects caused by drilling composites, delamination
appears to be the most critical and most common mode of failure [91, 94]. Delamination is
one of the major failure modes that might occur while drilling composite materials due to
their suspectiblity to delaminate when experiencing severe mechanical stresses. It has been
previously reported that 60 % of all part rejections during the final assembly of an aircraft
is related to drilling delamination [95–99]. Boeing reported manufacturing flaws on its first
commercial jet built mostly from composites the 787 Dreamliner. Some delamination and
separation of baked composite fibers were found in parts of the rear fuselage [100] causing
delays in delivering this type of Planes to many airway companies. Therefore, a considerable
amount of attention should be given to the factors which might cause delamination in
composite materials.
When drilling composites, two types of delamination might occur: Peel up and push-out
delamination as shown in Figure 2.11. Peel-up delamination occurs at the upper part of the
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laminate. As the drill enters the laminate, a peel force acting opposite to the feed direction
tends to lift the upper layers, and the material spirals up the drill flute before it can be cut
properly which separates it from lower layers of material being pushed down by the acting
thrust force [93, 101, 102]. The peeling force is a function of tool geometry and friction
between tool and workpiece [93]. The push-out delamination occurs when the interlaminar
bond strength in last few layers in the uncut laminate is unable to resist the compressive
thrust force [93, 101]. The push-out delamination depends on the properties of the fibre
and the matrix of the composite, and is found to be more severe (critical) than the peel up
delamination [101, 102].
Figure 2.11: Illustration of (a) Push-out delamination at exit and (b) peel-up delamination
at entry [29]
Measuring surface delamination
The visualisation of delamination is a difficult process since it can exist externally on the
upper and lower surface of a machined hole in composite structure or in its internal layers.
Destructive techniques are not common for inspecting delamination since the method takes
time and interpretation of results is sometimes difficult since it cannot identify the internal
defects. Therefore, visual inspection of delamination using optical microscopy and scanning
techniques are more desirable. Previous authors suggested using dimensional and non-
dimensional parameters to quantify delamination by measuring the delamination area, the
maximum damage radius of drilled hole or sum of the lengths of internal crack [94]. Wong
et al. [103] proposed a formula to measure and quantify the extent of delamination in
composites. The delamination around the drilled hole can be quantified by measuring
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the delamination factor by either one of the following techniques: the first delamination
factor Fd is calculated by dividing the maximum diameter of the circle which contains
the delamination area over the nominal hole diameter. The second delamination factor Fa
is calculated by summing the area of delamination zone and the nominal hole area and
divide it by the nominal hole area. Figure 2.12 shows an illustration which explains the two
delamination factors. In most of the studies, FD has been used to calculate the delamination
factor while FA has been only used in several studies [104–107], this is due to the difficulty in












• Fd,Fa: delamination factors.
• Dnom:Nominal diameter ( hole diameter).
• Dmax: maximum distance of delamination from the centre of the hole.
• Anom:Nominal hole area.
• Amax:Maximum area of delamination.
Figure 2.12: Schematic representation of the delamination factors Fa and Fd
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2.5 The Effect of Fibre Properties and Orientation on the
Machinability of Composites
Composite materials are made from reinforcing plastics with fibres. The strength of the
fibres is much higher than the matrix, and indeed it is estimated that 70-90 % of the load
applied to composites structures is carried by those fibres [108]. Indeed, when drilling com-
posites the quality of drilled hole depend on more on fibre than the matrix [109]. A critical
factor that affects the damage tolerance in composites is the fibre direction. Generally, the
energy can be easily passed from one composite layer to the other if they both have same
fibre orientation and as a result, the severity of damage is greater than what would be if
the fibres in each layer had different orientations, since this will have a transfer of energy
between layers and allow it to fail at a higher load. Therefore, from a crack resistance point
of view, a [0/90/0/90] stacking sequence is preferred over [0/0/90/90] or [0/90/90/0] [110].
However, from a seperation resistance point of view, the interlaminar interface between lami-
nates with different ply orientations (i.e. cross-ply configuration) are mechanically weak and
therefore, local separation of the laminate from one another is a common form of damage in
such configurations [111]. The most common types of reinforcing fibre and their properties
are given in Table 2.11.
Table 2.11: Typical properties of common reinforcing fibres [112]
As mentioned earlier, the machinability of FRPs depends on the fibre orientation with re-
spect to the direction of the cutting tool motion [29]. Figure 2.13 shows the fibre orientation
definition in drilling unidirectional composites. In addition to fibre orientation, there are
other factors which govern the fibres contribution to machining composites such as the me-
chanical properties of the fibre, the interaction between the fibre and the resin and the
percentage of fibres in the composite commonly known as fibre volume fraction. These four
factors can influence the following parameters when machining composites:
• Cutting forces.
• Cutting temperatures.
• Surface quality (surface roughness).
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• Cutting mechanism.
Figure 2.13: Fibre orientation definition in drilling unidirectional composites (a) chisel
edge, (b) major cutting (edge Φ : angularposition, θ : fibreorientation) [29]
Cyclic cutting forces are developed when machining composites due to fibre orientation
throughout the thickness of the laminate. The material removal in drilling is performed
by the two cutting edges (in the case of a two flute twist drill) and the penetration of
the chisel edge. The two cutting edges have identical cutting behaviour and relative fibre
orientation angle (see Figure 2.10) [29]. The chip thickness is independent of the angular
position of the cutting edge. For example, when the cutting tool edge is parallel to the fibres
direction, the cutting velocity vector is perpendicular to the fibres which are oriented at
90◦. The rotation of the cutting edge clockwise decreases the fibre orientation to zero at 90◦
angular position [29]. Previous studies on drilling GFRPs indicated that cutting forces were
minimum when drilling at 0◦ or 90◦ degrees fibre orientations [113]. However, in another
study on drilling unidirectional GFRP, Enetyew et al. [114]] reported that lowest thrust force
occurs around the rotational angles of 135◦ and 315◦. C.Gao et al. [115]] reported that the
cutting force was minimum at 45◦ fibre orientation and maximum at 90◦. Ghafarizadeh et
al. [116] also reported that maximum and minimum cutting forces occur at 90◦ and 0◦ fibre
orientations respectively when milling unidirectional CFRPs. Wang et al. [117] also reported
that the surface roughness and cutting forces of machined epoxy reinforced unidirectional
carbon fibre were reduced when using positive rake angles 0◦ and 20◦. Drilling at low feed
rates and high cutting speeds reduce the cutting forces and delamination, but they could
also result in undesirable thermal degradation of the matrix [118]. Previous studies on the
effect of fibre orientation on cutting forces when machining epoxy composites reinforced
with unidirectional carbon fibre by Wang et al. [117] are shown in Table 2.12. The surface
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Table 2.12: Effect of fibre orientation angle on cutting forces [117, 119]
quality of the drilled hole in unidirectional composites will vary around the circumference
due to fibre orientation. For example, the fibres tend to be pulled out when the tool
cutting edge is parallel to the fibre orientation. The increase in cutting angle within 20◦-45◦
range causes bending and compression action in addition to fibre pulling and worst surface
quality is achieved in this range [108]. Shear and bending is observed when the cutting
tool edge is perpendicular to the fibre orientation [108]. Gao et al. [115] reported that the
fibre orientation angle, depth of cut, and cutting speed are important factors affecting the
cutting force and surface roughness. Wang et al. [117] reported that the surface roughness
of machined epoxy reinforced unidirectional carbon fibre was minimum between 0◦ to 90◦
fibre orientation and gradually increased with fibre orientations up to 150◦, this was also
confirmed by Ghafarizadeh et al. [116]. C.Gao et al. [115] also reported that the surface
roughness increased with fibre orientation. For example, the surface roughness measured at
45◦ fibre orientation was smoother than at 135◦ due to more surface irregularities in the later
one. Ghafarizadeh et al. [116] also reported that the minimum surface roughness is achieved
for 45◦ and 90◦ fibre orientations and maximum at 135◦ fibre orientation. Palanikumar [120]
also reported that the surface roughness increased with the increase of fibre orientation
from 15◦ to 120◦, however, the effect of fibre orientation on surface roughness becomes
insignificant when increasing the cutting speed beyond 175 m/min.
In another study, H.Gao et al. [121] also reported that drilling damage at the exit of the hole
was more likely to occur at fibre orientations in the range of 0◦ to 90◦ with damage level
increasing with the decrease of the fibre orientation, and less in the range of 90◦ to 180◦
with damage increasing with the increase of the fibre orientation when drilling unidirectional
epoxy composites. Enetyew et al. [114] reported that when drilling GFRP, the surface
roughness is higher at fibre orientations of 135◦ and 315◦ along the circumference of the hole,
they also indicated that fibre pull-out is likely to occur in the region of 135◦ to 175◦ and the
region of 315◦ to 335◦. A number of fibres content in the composites plays a significant role
on the machined surface quality, chip formation and tool wear, Budan et al. [122] reported
that the surface roughness, delamination factor and tool wear increased with the increase
in fibre content from 30 % to 60 % when drilling GFRPs. The increase in surface roughness
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was due to the increase in the fibre pull-out In addition, the increase in fibre content was
reflected by the lack of plasticity deformation and higher brittle fracture which produced
small segmented chips while long chips were common with lower fibre content. Having high
fibre content in the composite can have a serious impact on health when machined [122].
The surface quality of the machined hole is also influenced by the mechanical properties of
the fibres. For example, aramid fibres are weak in compression and tend to bend ahead of
the cutting edge which causes them to recede into the matrix during machining and later to
be frayed on the surface of the hole [108]. While glass and carbon fibres break in a brittle
matter ahead of the cutting edge [29]. The thermal properties of the fibre can also influence
the machinability of the composite. For example, the thermal conductivity of carbon fibres
is higher than in glass or aramid fibres making it more efficient in dissipating heat away from
the cutting zone along its length [29]. Therefore, machining at high cutting speeds forms
regions of localised heat zones in the cutting area which could affect the machined surface
quality. In addition, the mismatch in thermal expansion properties in the fibre and the
matrix could lead to dimensional inaccuracies and thermal stresses which could adversely
affect the quality of the hole [29].
The fibre orientation plays a significant role in the developed machining temperatures,
Zitoune et al. [123] reported that machining at 90◦ fibre orientation results in a maximum
temperature due to the multiple bending and shearing cutting mechanisms which increase
the cutting forces and friction, the rise in friction is due to chip flows up along the rake face
due to shear along the fibre matrix interface [29] which was also confirmed by Ghafarizadeh
et al. [116] when milling CFRPs . In addition, the failure stress when cutting at 90◦ can
reach up to 1600 MPa compared to 1000 MPa when cutting at 0◦ fibre orientation. The
modulus of elasticity in composites can influence the developed machining temperatures in
the workpiece. Merino-Perez et al. [124] reported that the type of fibre reinforcement had
an effect on the heat dissipation when drilling a hole in CFRP such that composites with
higher modulus dissipate heat more than those with higher strength carbon fibres due to
the high degree of crystallinity of the high modulus carbon fibres.
2.6 The Effect of Tool Geometry, Material and Coating on
the Machinability of Metals and Composites
The range of materials used in drilling processes can be divided into two general categories,
metallic and non-metallic materials. Metallic materials can be further divided into ferrous
and nonferrous metals while non-metallic materials include a variety of materials such as
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plastics, rubber and wood. The majority of drilling operations for making holes is carried
out using twist drills [32] However, other types of cutting tools are also employed for making
holes such as brad point, spade or paddle drills for wood, masonry and countersink drills. A
common two flute twist drill bit is made up of a drill point, a body and a shank. The shank of
the drill is the solid cylindrical part which is attached to the machine tool holder [125]. The
land of the drill is the part between the flutes designed to give the cutting tool its torsional
strength. The point of the drill has four main features: the cutting edges (cutting lips),
the chisel edge, lip relief, and point angles [126]. The cutting process takes place along the
cutting lips and at the chisel edge. The majority of the material is removed by the cutting
edges while the chisel edges penetrate the workpiece material and is, therefore, the major
contributor to the thrust force. It was previously reported that the chisel edge contributes to
thrust force range between 40-60 % and up to 80 % at high feed rates [127], hence the chisel
edge have a significant influence the delamination in composites. Drill point angle can vary
between 80◦ and 140◦ depending on the machined material, most common used point angle
is 118◦ [48]. For example, drilling cast iron is recommended with low point angles between
90◦-100◦ while drilling carbon steels with high carbon content requires large point angles
between 130◦-135◦ [128]. A general rule of thumb is that soft and ductile materials such soft
steels and copper requires smaller point angles while extremely tough, higher alloy content
and difficult to cut materials require larger ones [30, 128]. The point angle of the drill has
a significant impact on the chip formation, the thrust force and torque as shown in Figure
2.14. Increasing the point angle increases the thrust force and the lower torque [30]. Drills
with large point angles produce thinner chips while drills with lower point angles produce
wider chips. The lip relief angle can vary between 8◦ and 24◦ depending on the size of the
drill bit and the hardness of the workpiece material [30]. As a rule of thumb, large diameters
and hard materials require smaller relief angles while softer and smaller diameters require
higher relief angles.
Another important part of the drill structure is the helix angle, the helix angle is equivalent
to the rake angle in other cutting tools. The helix angle can directly influence the cutting
forces, the torsional and radial stiffness of the cutting tool. Increasing the helix angle
reduces the cutting forces and radial stiffness but and increases the torsional stiffness of the
drill [129]. The standard helix angle for most drills is 30◦ [30], but it can range between 12◦
to 38◦ depending on the application. Generally, the helix angle can fall into one of three
categories: Slow (12◦-22◦), regular (28◦-32◦) and fast (34◦-38◦) helix angles. The slow helix
angles produce broken chips and in vertical drilling without rotation operations. Regular
helix angles are the most common and are usually used in various drilling applications of
ferrous and non-ferrous materials for making shallow holes because of their limited ability
to lift chips. The fast helix angles are an excellent choice for softer materials and usually
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Figure 2.14: The influence of the cutting tool point angle on cutting forces [30]
produces stringy chips, they are used for drilling deep holes because they are excellent in
lifting chips. The drill bits can be made of ferrous and non-ferrous materials [130].
Drill bits can be uncoated or coated depending on the application, about 15 to 20 % of all
tool steels are coated [131]. The coating is a thin layer (in microns) of a material applied to
the surface of the cutting insert. The purposes of the coating is to improve the performance
of the cutting tool by extending its life and provide better physical and chemical stability at
high temperatures thus allowing for higher cutting speed. Despite the fact that most drills
come with an 118◦ drill point angle, when it comes to drilling FRPs it is recommended
to use a drill bit with a 135◦ point angle [48]. Previous studies on drilling composites
showed that increasing the drill point angle improved the hole quality at entrance such
entry delamination factor and fibre fraying, however, it increased the exit delamination
factor, surface roughness and thrust force [132–135]. Another study showed that increasing
the point angle from 90◦ to 118◦ also increased delamination factor but reduced the thrust
force when drilling GFRPs [136]. El-Sonbaty [137] reported that increasing the drill diameter
increases the cutting forces due to the increase in the cross-sectional area of the undeformed
chip.
The material type and size of the cutting tool had a significant impact on hole quality
when drilling composites. Reddy et al. and Selvan et al. [136, 138] reported that carbide
drills had better performance than HSS drills in terms of reducing the thrust force and
delamination. In addition increasing the drill bit size and workpiece thickness increased
2.7. MACHINING METALS, COMPOSITES AND FIBRE METAL LAMINATES 42
thrust force. Previous studies also reported that the cutting tool material can influence the
type of formed chip due to different tool-chip interaction mechanisms. High cutting speeds
are desirable when using PCD drills due to their high hardness which considerably reduce
delamination [118]. Madhavan et al. [118] reported that continuous ribbon-like chips were
formed using carbide drills while discontinuous chips were formed using HSS drills. Okutan
et al. [139] indicated that increasing the feed rate and drill diameter increases cutting forces
and the undeformed chip thickness when drilling GFRP. El-Sonbaty [137] also reported that
the influence of drill size on surface roughness when drilling glass fibre epoxy composites
may vary due to the multiple effects acting on the workpiece such as the cutting forces and
the generated machining temperatures. The large rise in cutting temperatures soften the
workpiece material and produces a smooth cutting surface finish. Similar trends of the effect
of drill bit size on surface roughness were reported by N.S Mohan et al. [140] when drilling
GFRPs. While Madhavan et al. [118] reported that using large helix angles can reduce the
thrust force and torque when drilling composites.
Similarly for drilling aluminium, the tool geometry plays an important factor in achieving
high-quality holes. For instance, a cutting tool with large helix angle- usually larger than
24◦, flutes allowing quick chip evacuation [141] and large point angles improve chip removal
and reduce burr formation. For most aluminium alloys the drill point angle depends on the
silicon content in the workpiece. For aluminium alloys with low or no silicon content a 130◦-
140◦ point angle are recommended, while for high silicon content, the recommended point
angle is between 115◦-120◦ [128]. In addition, lip clearance angles are usually found to be
between 12◦-13◦. The latter should be increased further to avoid drill breakage or when the
alloy is soft, or if the used feed rate is high [141]. The selection of cutting speeds and feed
rates depend on the mechanical properties of the workpiece, and the type of material used
for the drill bit and its coating. Previous researchers used HSS and carbide cutting tools to
drill aluminium and its alloys [76, 142–144], they found that both these were suitable for
drilling aluminium. Carbide and coated tools outperformed the non-coated and HSS tools
in terms of tool wear and hole quality [143–145].
2.7 Machining metals, composites and fibre metal laminates
Comprehensive reviews of previous research results on the machinability of FRP, aluminium
alloys and multi-material stacks using conventional methods were provided in several re-
ports [29, 69, 94, 146–150]. The reviews provide information on the cutting mechanisms,
chip formation and theoretical modelling for various machining applications. However, there
is a lack of research and interest on the machinability of GLARE fibre metal laminates due
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to their limited applications in the past few decades. In addition, the complexity of the
machining process of GLARE due to its hybrid layered structure adds more difficulty in
analysing the cutting mechanisms involved during the drilling process.
2.7.1 Drilling Aluminium
Aluminium and its alloys are widely used in many applications such as automotive and
transport industries. Around 30 % of all aluminium production is consumed in the trans-
portation industry worldwide [151], while drilling accounts for about 40 % of the total
material removal process in automotive industries [152]. Aluminium is also one of the key
materials used in the aerospace industry. For example, the standard Boeing 747 jumbo jet
contains approx. 75,000 kg of aluminium [153]. Aluminium accounts for a large share of the
total material used in the modern aircraft, space rockets and satellite structures due to its
light weight, corrosion resistant and good strength. Even though there was a great advance
in machining metals in general and aluminium, in particular, drilling aluminium still faces
a lot of challenges and there is always a need to optimise its machining process. Different
machining operations such as turning, drilling milling, boring, tapping, sawing etc. can be
easily performed on aluminium and its alloys. Similar to other metals and materials drilling
aluminium requires specific machining conditions and parameters to be used together in
order to get the best surface finish. The main advantage of aluminium and its alloys is their
low density which reduces the intertie forces allowing for higher spindle speeds [154].
Drilling aluminium is usually performed with the assistance of a cutting fluid to help evac-
uate the formed chips and reduce the temperatures associated with the machining process.
The most important mechanisms in machining aluminium alloys are: built up edge (BUE),
adherent layer and diffusion on the cutting tool [146]. In comparison to other metals such
as steel, aluminium alloys have good machinability due to their mechanical and physical
properties which offer better cutting tool life and greater productivity. For example, the
high thermal conductivity of aluminium as shown in Figure 2.15 limits the cutting temper-
ature to a maximum of (a maximum of 600 ◦C compared with 1000 ◦C for steel and the
softening of carbide tools [154]. However, this can sometimes be disadvantageous as a large
amount of heat is absorbed during the machining process causing undesirable deformation
in the workpiece [155] and adhesions to the tool causing the built up edge effects (BUE).
The use of Al2024-T3 can be found in fuselage skin and wing sections of the aircraft [156]
due to its high specific strength, stiffness and excellent corrosion resistance. Most of the
previous studies on machining Al2024-T3 alloy focused on turning, orthogonal cutting and
milling operations while fewer studies were reported on drilling Al2024-T3.
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Figure 2.15: Thermal conductivity of Aluminium compared to other metals [157]
Drilling aluminium requires large helix angles and flutes to allow for quick chip evacuation,
the drilling speeds and feed rates usually depends on the type of material used for the
drill bit and its coating. Aluminium can be machined using HSS, carbide and diamond
cutting tools but not silicon nitride based ceramics due to the high solubility of silicon in
aluminium [146]. The selection of cutting speeds and feed rates depend on the mechanical
properties of the workpiece, the type of material used for the drill bit and its coating. Koklu
et al. [158] previously reported that the mechanical properties of drilled aluminium alloy
can influence the burr height and surface roughness such that the higher the ductility of
the alloy the greater is the amount of burr formed around the drilled hole. In addition, the
surface roughness increases with the increase of cutting parameters and drill size [158, 159].
Most Al2024 drilling studied used a tool diameter between 5-10 mm since it is a common
range for creating rivets and hole in aerospace structures.
Previous findings also showed that effect of feed rate was more dominant on cutting forces,
burr formations and tool life [63, 158].In addition, HSS cutting tools were found unsuitable
for drilling aluminium alloys such as Al2024-T3 especially in dry drilling process [144]. While
coated carbide tools such as TiAlN coating have excellent wear and oxidation resistance and
is suitable for in dry machining applications of alloyed steel and aluminium alloys with 10
% content of silicon due to its low thermal conductivity [75]. Davoudinejad et al. [160]
reported that the use of high cutting speeds for drilling Al2024-T3 increased the deviation
of hole size and the built-up edge (BUE) formed on the chisel edge and cutting lips, which
in return increased the cutting forces. Amini et al. [161] and Barani et al. [162] reported
that vibrational drilling of Al2024-T6 alloy could help reduce cutting forces by up to 70 %
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compared to conventional drilling. In addition, reduce exit burr formations and increase
chip breakability which reduced built edge and dimensional deviation of hole size. The
recommended point angles for drilling aluminium alloys with low or no silicon content range
between 130◦-140◦, and between 115◦-120◦ for high silicon content aluminium alloys [128].
Nouari et al. [75] reported that the surface roughness is affected by the point and helix
angles such that increasing these two parameters can minimise roughness. In addition, a
larger point angle will minimise burr height [75, 163] while a larger helix angle will give
minimum diameter deviation compared to the nominal hole diameter which gives good
dimensional accuracy [75]. Since large amounts of chips are created during the machining
of aluminium, chip morphology and its characteristics were the focus of several studies [164,
165]. These studies looked into the effect of cutting parameters, tools geometry and their
coating on chip formation and morphology. Results showed that chip size and length varies
with cutting parameters and tool geometry, besides the effect of coolants was considered to
be an important factor in controlling chip formation and evacuation.
2.7.2 Drilling Composites and Composite-Metal stacks
Composites are widely used and their applications are consistently growing in aerospace and
defence, naval and automotive industries. The global composite materials distribution by
market segment in 2017 indicates that electrical and electronic components will account for
17 % of the total composite market, followed by construction, aerospace and transportation
with 16 %, 15 % and 14 % respectively [166]. The annual aeroplane demand is projected
to increase 35 to 40 percent over the next decade [167] and the composite market is ex-
pected to reach a value of 89.4 billion USD by 2020. Major structural components of the
modern commercial aircraft such as the fuselage and wings are made of composites. For
example, composites account for 9 % of the commercial Boeing 777 aircraft by weight [168],
and 50 % of the modern Boeing 787 Dreamliner aircraft by weight [169] as shown in Ta-
ble 2.13. Composites unique features combine high strength to weight ratio and rigidity;
lighter than aluminium, stronger than steel, and with higher elasticity than titanium. More-
over, they possess excellent mechanical and thermal properties making them suitable for use
in manufacturing aircraft and spacecraft structural parts such as the aircraft ailerons, race
motorcycles frames and formula one race cars, they are even being increasingly used in
simpler consumer goods such as bicycles, golf clubs. Therefore, there is an increasing de-
mand to offer an optimised manufacturing and drilling techniques in order to gain defects
free composite parts after the machining process. There are several factors which can in-
fluence the drilling performance of composites, this includes the machine setup and choice
of cutting parameters, cutting tool material and geometry, the presence of coolants and the
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mechanical properties of the fibre-matrix such as the matrix softening/cure temperature or
the compressive strength, hardness and orientations of the fibres [126].
Table 2.13: Percentage mass of types of materials used in commercial aircraft structures.
[169–172]
An increasing number of studies have been carried out on drilling composites, some of those
studies looked into the effect of drilling parameters [173–176], while other studies investi-
gated the impact of tool geometry [87, 118, 177–181] and material components [182, 183] on
the integrity of machined surface and cutting forces. However, a limited number of studies
have been carried out on drilling composite-metal stacks and FMLs. Some of the challenges
which arise from drilling such configurations of metals and composites are the variation
of the cutting behaviour of the materials due to their unique properties across the work-
piece. Generally, multi-layer metallic-composite stacks are drilled in two (CFRP/Metal or
Metal/CFRP) or three layers (Metal/CFRP/Metal) configurations as shown in Figure 2.16.
Limited research has been reported on the drilling of multilayer stacks, particularly those
involving CFRP/Ti, and CFRP/Al. The vast majority of published work has involved
coated carbide twist drills in the region of 4-10 mm diameter. They generally looked into
cutting forces, tool wear, delamination and hole quality parameters such as surface roughness
and chip formation. Previous studies reported that carbide drills produced better hole
quality than HSS drills [67, 184, 185]. Other studies also reported that the performance of
PCD outperforms carbide drills in terms of reduced hole size difference between the CFRP
and metal, better tool life and smaller burrs [186, 187]. Moreover, studies reported that
adhesions are more likely to occur on carbide drills than PCD drills which also could suffer
from edge chipping [187]. In addition some studies showed that abrasion from the CFRP
and adhesions from metals were the primary tool wear mechanisms when drilling composite
metal stacks [68, 187, 188]. Generally in composite metal stacks studies, researchers agrees
that delamination in CFRP is minimised due the presence of Ti and Al layers above and
beneath it [65, 189].
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Figure 2.16: Most common stacking configurations in composite-metal stacks [190]
2.8 Machinability of GLARE
It was previously reported that good hole quality with no delamination or deformation can
be achieved when choosing the proper speed/feed ratios and proper drill bits [1]. Hard metal
tools are recommended when drilling GLARE on CNC machines. GLARE structures are
usually produced in large panels (more than 2 metres), and machining is often required to
bring those panels into the desired dimensional requirements and prepare them for assem-
bly [1]. Machining GLARE is carried out by conventional and non-conventional material
removal methods. The conventional methods most frequently used are edge milling and
drilling. For example, holes are drilled into GLARE panels to join them together using
mechanical fasteners while edge milling is used to give the panels the desired contour shapes
for mating purposes [191]. Most machining operations on GLARE such as edge milling and
drilling are performed after the components are manufactured [191]. Among the noncon-
ventional machining processes are abrasive waterjet and laser cutting [1]. The challenges
in machining GLARE arise from its hybrid structure which differs in many aspects from
machining metals or composites individually. Machining GLARE can be seen as machining
a material that continuously undergoes two distinctly different cutting phases. The homoge-
nous ductile aluminium metal sheets with high thermal conductivity undergo shearing and
plastic deformation followed by strain hardening and the formation of a continuous chip.
The abrasive yet brittle glass fibre-epoxy prepregs and poor thermal conductivity undergo
brittle fibre fracture. Also, the mismatch in the thermal expansion coefficients of metal and
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composites constituents of GLARE could lead to thermal stresses which could adversely
affect the machined part quality.
Despite that a signficant amount of heat is taken away by metallic chips or through the direct
contact between the workpiece and the cutting tool when machining GLARE, using high
cutting speeds is limited by the poor ability of glass fibre prepregs to dissipate the heat away
from the cutting zone. The low thermal conductivity of the prepregs limits the tolerance
of glass epoxy matrix to withstand high temperatures in high-speed machining. Adding to
that the relatively low service temperature of the FM94 film adhesive (104 ◦C) used for
bonding GLARE components together. Therefore, machining at high speeds would expose
GLARE to excessive heat for a prolonged period of time which could adversely impact the
quality of the machined part. Another issue to consider when drilling GLARE is the cutting
tool material. The cutting tool should be capable of withstanding the abrasiveness of glass
fibres and have a low tendency for chip adhesions and build up edge to improve the borehole
surface quality. It was previously reported that when machining GLARE three important
phenomenas should be carefully monitored and studied [1] these are:
1. Tool wear due to the abrasive nature of the glass fibres layers of the laminate: previous
tests on different cutting tools materials showed that polycrystalline diamond PCD and
solid cemented carbide drills with coatings are most suitable for machining GLARE.
Whereas coated and uncoated high-speed steel HSS tools proved to be undesirable
due to the high hardness of S2 glass fibres in comparison with most common cutting
tool materials used in machining operations. The hardness of S2 glass fibres is 6.5
on mineral hardness scale Moh [192] which equals 84 HRa on a Rockwell A-hardness
scale. The high hardness and abrasive nature of glass fibres in GLARE can cause rapid
tool wear. Other types of fibre metal laminates such as those containing carbon fibres
will also exhibit similar tool wear problems to GLARE [1]. For FMLs that contain
aramid fibres, the sharpness of the cutting tool will deteriorate causing an incomplete
cut and lose fibres protruding from the edges of the laminate.
2. Delamination: the delamination in GLARE was found to be related to the helix angle
of the cutting tool for both drilling and milling operations. Studies on machining
GLARE showed that helix angle in milling operations and feed force for drilling op-
erations should be kept as low as possible to reduce peel and shear cutting forces and
minimise delamination. In drilling, the delamination in GLARE takes place when the
feed force is too high as the cutting tool is exiting the laminate, the high feed force
pushes the last layers away causing them to separate from the laminate. For milling
operations, a large helix angle causes the top layer to peel off the laminate leading to
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delamination.
3. The heat affected zones at the edges of the laminate: the tool-workpiece interaction in
milling and drilling operation raise the temperatures around the edges of the machined
part. The rise in workpiece temperatures was found to increase with the increase of
cutting speeds and thickness of the workpiece. The rise in workpiece temperature be-
comes more critical when machining thick laminates using laser jet cutting operations.
The use of coolants is suggested when machining GLARE to overcome the heat issues
in some machining operations such as drilling and milling.
A very limited number of studies were previously reported on the machinability of fibre
metal laminates. Early literature during the development of GLARE reported that the
feed rate, lubrication and laminate thickness in milling operations had a major influence
on the quality of the milled edge. It was found that the tool wear and fracture increased
with feed rate increase, the rise in feed rate can reduce the laminate edge quality and
cause delamination [1]. The previous investigation on the cooling/lubricant influence on
milling GLARE showed that using coolant is preferable over semis dry cooling especially
when machining thick laminates over 6 mm or when machining at high cutting speeds and
feed rates. This is due to the limited ability of the semi-dry cooling to effectively remove
the heat generated during the milling process. It was concluded that semi-dry cooling is
recommended for thin GLARE laminates less than 3 mm [1].
The machining of thick laminates increase the cutting forces and generated heat due to larger
contact area with the cutting tool which raises the temperatures. The rise of temperatures
can cause the chips and fibres to adhere on the cutting tool or protrude the laminate edges
causing delamination and deformations to the material. Delamination at the upper and
lower parts of the laminate is likely to occur when improper cutting parameters are used.
Drilling holes in GLARE can be performed manually using a hand-held drill or automatically
of up to 700 holes using stable CNC machines with good quality and no delamination or
deformation [1].
The first reported study on drilling GLARE can be traced back to 1994 during the devel-
opment of fibre metal laminates by Coesel [193]. The thesis was a part of the IOP-project:
Manufacturing of fibre metal laminates, which investigated the factors that influence the
drilling performance of GLARE. The study investigated the effect of drill type, tool material,
cutting speed, feed rate and drilling machine type on hole quality in terms of its accuracy,
burr height, roundness and delamination. The final quality of the machined GLARE panels
was evaluated using crack initiation tests on open hole specimens and fatigue behaviour of
riveted countersunk lap joints. Results from drilling GLARE indicated that solid carbide
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drills had better wear resistance than HSS drills using stable drilling machines, good hole
quality was achievable up to 3000 holes using the solid carbide drills. Whereas poor hole
quality and delamination were observed prior drilling 150 holes.
The drilling tests were conducted under dry conditions as it was reported that cutting fluids
are not required in drilling GLARE if stable drilling machines are used along with carbide
and solid carbide drills. However, this could be due to the use of thin laminates (¡ 2 mm)
in the study. Moreover, cutting speeds and feed rates did not show to have an influence on
the hole accuracy. From the four different types used, solid carbide and HSS-TiN coated
drills produced most accurate holes. The HSS-TiN drill produced holes with high roundness
error. It was also found that increasing the thickness of the laminate increased thrust force
and torque. The inspection for delamination from visual inspecting and C-scan techniques
showed that it occurred faster when using the HSS drills, whereas for the carbide coated and
solid carbide drills no delamination was observed even after drilling 3000 holes. It was also
concluded that the maximum thrust force was a critical factor on delamination. Besides,
the thrust peak corresponding to the bottom layer, the heat generated during the drilling
process, the drill geometry and the distribution of the critical thrust force along the cutting
edge all had an influence on delamination.
It was also reported that burr heights were noticeable when using HSS drills due to the
rapid wear of the cutting tool and depending on the feed rate used in carbide coated drills.
Additionally, solid carbide drills did not produce burrs in all holes, while thrust force and
torque increased with a number of holes drilled when using HSS drills due to the increase in
tool wear. It was concluded that cutting forces increased with feed rate increase and that
the drill size and chisel edge had an influence on the cutting forces while drilling different
layups of GLARE showed that cutting forces increased with the increase of the laminates
thickness and that the increase in lay-up thickness had no influence on the hole quality. In
his thesis, Coesel did not study the delamination factor due to difficulties in measuring it
visually or using the C-scan method. The surface roughness of the holes was not measured
due to the small thickness of the tested laminates while burr height was measured using a
micrometre and it was concluded that the actual shapes of the burrs might have changed
during the measurement process. Therefore, it was assumed that all burrs were crushed
which means that the accuracy of the actual burr height was affected by the measurement
technique used. Also, the selection of cutting speeds and feed rates were restricted because
of the limitation within the CNC machine and the pre-requisites of the experiment.
A more recent study on drilling GLARE like fibre metal laminates was conducted by Ty-
czynski et al. [194]. Their drilling trials were carried out on fibre metal laminates samples
made of Al2024 sheets with a thickness of 0.3 and 0.5 mm and the glass fibres were R-
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type and prepregs which had a nominal thickness of 0.25 mm. The type of glass fibres
used in the study is not the one which is used in standard GLARE grades (S2 glass fibre).
Additionally, the stacking sequence of the prepreg laminates was a quasi-isotropic system
made of (0/45/45/90/90/45/45/0). Also, the thickness of the prepreg layer was 0.5 mm and
consisted of more than 4 prepreg layers. Their findings indicated that the cutting forces
increased with the increase of feed rate and laminate thickness. Additionally, it was found
that the cutting forces required for drilling GLARE were higher than those required for
drilling GFRP and less than those required for drilling Al2024 alloy. The observed that
poor hole quality at in the form of deteriorated edges at the exit of the hole and fibre pull
out through the thickness of the workpiece when drilling at the highest feed rate. The
damage in the glass fibre layers was more severe in the thicker laminates, while the hole size
accuracy was not affected by feed rate. However, it was observed that the hole size in glass
fibre layers was closer to the nominal size of the cutting tool than that in aluminium sheets.
In addition, the internal surface quality of the drilled holes was poor and deteriorated, and
burrs were formed around the hole edges and tended to increase with feed rate increase.
However, no delamination was identified on the internal surfaces of drilled holes.
A very recent study on drilling GLARE was conducted by Pawar et al. [64] to understand
the cutting mechanism of GLARE by analysing the cutting forces and the acoustic emission
energy (AE). The study investigated the influence of cutting parameters and tool geometry
on delamination, hole size and burr formation. The study compared four different types of
solid carbide cutting tools including two flutes, three flute, four facet and eight facet drills
as shown in Table 2.14. Their findings showed that the feed rate had the major influence on
burr formation. Results also showed that the two facet drill outperformed the other cutting
tools in terms of eliminating delamination and producing acceptable burr formation. The
four and eight facet drills produced poor hole quality and uncut fibres around the edges of
drilled holes, while delamination increased with feed rate. They also found that undersized
holes were produced with exception to those drilled using the three flute drill. Burr heights
were comparable and did not exceed 250 microns when drilling using the two flute, three
flute and four facet drills, the eight facet drill produced large burrs which exceeded 1000
microns. The entrance burr height increased with feed rate increase while the exit burr
height decreased with spindle speed increase. Similar results were found for the burr width.
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2.9 Temperature measurement of the cutting tool and work-
piece during the machining process
During the machining process, the heat generation occurs due to the continuous friction
between the workpiece and the cutting tool. Approximately 98 % of the energy in ma-
chining is converted into heat [32]. The rise in the temperatures can adversely affect the
properties of the workpiece and cutting tool materials, induce thermal damage to the work-
piece causing dimensional changes, accelerate tool wear or result in chemical changes in the
tool-workpiece materials reducing the quality of the machined parts [195]. Even though
coolants have proven to be a powerful method for reducing machining temperatures, yet
problems associated with high temperatures remains a major challenge, especially in dry
and high-speed machining applications. One of the most important factors which govern
the temperature build up during the machining process is the thermal conductivity of the
workpiece material [130], material that has a low thermal conductivity is subject to higher
increase in temperature when machined due to its inability to dissipate heat quickly. In
addition, the alloy content in the material can also affect the machining temperatures, Ozek
et al. [196] reported that when drilling different aluminium alloys (A5083, A6061, A7075-
T651, A1050) the temperature of the workpiece can be as high as 242 ◦C in A5083 and 164
◦C in A1050 at same cutting conditions. The heat generated when machining composites is
distributed differently than when machining metals [29].
In metals, approximately 75 % of the heat is generated at the shear zone, 20 % at the chip
sliding on the tool face and about 5 % is produced due to plastic deformation in the metallic
workpiece [130] and between (80-85 %) of the thermal energy generated is carried away by
the moving chip [197]. Indeed, the relatively high ductility of most metals compared to
composites materials means that extensive plastic deformation of the chip rakes place during
cutting, which increases heat generation and temperature [131]. Whereas drilling composites
are limited by the softening temperature of the matrix system despite fibres having high
melting temperatures, nevertheless, the temperatures generated in the machining process
should not exceed the softening temperature of the matrix [126]. In addition, the lack of
ductility required for plastic deformation produces very small fragments of chip coupled
with a low thermal conductivity of composites, means that a large amount of the heat is
dissipated by the workpiece and cutting tool.
Generally, the cutting temperature in drilling is strongly dependent on cutting speed and
feed rate [29]. Fliescher et al. [198] performed an review of heat partition ratios various
machining process as shown in Table 2.15, which shows that the workpiece takes a large
share of the heat distribution during the drilling process, which means that the low thermal
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conductivity of composites promotes for localized heat build-up in the drilling zone [126].
Table 2.15: Percentile share of heat distribution in various machining processes [47, 198].
Measuring the machining temperatures remains a big challenge and it has been the main
objective of many studies in milling and turning operations, however, there has been a lim-
ited number of research work on measuring the cutting temperatures in drilling operations
due to its complexity especially in composites and FMLs. Many experimental techniques
have been implemented to get an accurate reading of machining temperatures. The rise
of cutting temperatures in composites can lead to matrix burnout, acceleration of fibre
pull-out and can cause a reduction in the shear strength of the laminate [199]. Figure 2.17
shows a summary of some of the most common techniques used for measuring the cutting
temperatures during the machining process.
2.9.1 Temperature measurements using radiation methods
Radiation methods are non-contact techniques that use thermal imaging to capture the
temperatures of surfaces since all bodies and objects that possess temperatures more than
the absolute zero can emit infrared radiations. Infrared cameras (IR cameras) can capture
emitted forms of energy and convert them into temperatures depending on the intensity
of the IR radiations. The results are then shown on the infrared capturing device in the
form of different colours with each colour representing a specific value of temperature or a
temperature range. The IR method has been extensively used by many researchers to study
the temperatures during the machining process. However, IR methods can only capture the
surface temperatures of the bodies and therefore they are suitable for milling and turning
operations where the tool-workpiece interaction zone is visible at all times in contrast to
drilling experiments. Nevertheless, IR methods were also used in drilling experiments using
additional arrangements in the workpiece and machine setup by various researchers [200–
202].
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Figure 2.17: Temperature measurement methods during drilling process: (a)
Thermocouple embedded in workpiece; (b) Thermocouple embedded in tool; (c) Drill-foil
thermocouple system; (d) Infrared pyrometer (e) Infrared camera method [203]
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2.10 Machining Coolants
As discussed earlier in the chapter, there has been little work available on the machinability
of GLARE and fibre metal laminates in general. Moreover, little work has been published
on the application of cutting fluids in composite machining and no reported studies on the
application of cutting fluids when machining FMLs. Machining industry continuously aims
to improve the machining process by reducing the production costs and by creating a safer
and healthier working environment. Tackling machining costs besides health and safety
regulations can be achieved by reducing the costs incurred from cutting fluids and their
disposal process. According to a survey conducted by the European Automobile Industry,
the cost incurred on lubricants comprises nearly 20 % of the total manufacturing cost [204,
205]. While the cost of the cutting tool is only 7.5 % of the total cost [206, 207]. The recent
advancements in coolant technologies and machining operations are driven by the high
costs of coolants and machining, in general, have led to alternative routes for sustainable
machining. For example, using efficient cooling techniques which require small amounts
of cutting fluids which do not require further treatment or dispensing at the end of their
life cycle such as minimum quantity lubrication (MQL) and cryogenic cooling using liquid
nitrogen (LN2) and carbon dioxide (CO2). The current chapter provides a detailed review
of the cooling methods used in machining industry with a focus on minimum quantity
lubrication and cryogenic cooling of metals and composites and the recent advancements in
these technologies.
2.10.1 Cutting Fluids
70 % of the functional percentage of the cutting fluids is used for chip removal while 20 %
and 10 % are used in cooling and lubricating respectively [208]. Cutting fluids in machining
can be classified based on their composition to Oil-based cutting fluids commonly used
as a lubricant between the chip, tool and the workpiece. Or water-based fluids which are
usually used for cooling and heat extraction or cryogenic gases in their liquidus phase, which
is mainly used for heat extraction and reduction of dimensional changes of the machined
workpiece [209]. Since most of the work done in the machining process are converted to
heat, reducing the heat generated due to the friction between the tool and workpiece can
increase the tool life, produce better-machined surface finish and clear away the formed
chips. Moreover, allowing for higher cutting speeds to be used. Flood coolant is the most
commonly used cooling method in the industry [210].
The types of coolants used in machining processes were previously summarised by Yildiz et
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al. [211] as shown in Figure 2.18. Generally, the characteristics of the cutting fluids mainly
depend on the type of the machining process and the machined material. There are two
common methods for delivering the cutting fluid in a machining process: The first method
delivers the coolant externally through a nozzle targeted at the workpiece/cutting tool at
the cutting zone. The second method delivers the coolant internally and is commonly used
in milling and drilling operations. The method is designed to deliver the coolant more
efficiently by creating holes in the cutting tool such as in drilling operations where the
coolant is delivered close to the centerline of the drill bit head.
Figure 2.18: Classification of cutting fluids by Yildiz et al. [211]
The second method delivers the coolant through small holes made in the cutting tool. Cakir
et al. [212] previously summarised the factors for selecting suitable cutting fluids such as the
nature of the machining process and the type of workpiece cutting tool materials. Water
or water soluble (mixed with oil when machining metals) coolants are rarely used when
machining composites [67, 185, 213]. Unless the water can easily evaporate after the ma-
chining process causing no damages to the fibres, there is always a risk of moisture absorp-
tion, a decrease in strength properties and degradation the fibre-matrix interfacial bonding,
which could compromise the long-term durability of the composite structure. Therefore,
many researchers carried out their composite machining experiments without the use of any
coolants [68, 80, 214–220]. the lubricants types can be classified based on the amount of
lubricant used in the machining process as shown in Table 2.16.
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Table 2.16: Classification of lubricant types [208].
2.10.2 Dry Machining
Dry machining, from its name, implies that no coolant, cutting fluid or lubricant is used
with the machining process. Thus, considerably saving large costs and keeping the process
clean and environmentally friendly. Advantages of dry machining are both environmental
and economical: it has no contamination risk or pollution hazards whatsoever on the en-
vironment or the operator [125, 221]. In addition, large cost savings from those usually
incurred when using cutting fluids and time-money required to dispose of them. Moreover,
in some cases the wastes and pieces produced from the machining process can be recycled
and used again for other operations in contrast to when coolants are used as the waste ma-
terial needs to undergo a special cleaning process to eliminate the coolants materials from
chemical additives to small particles in order for them to be used again.
Disadvantages of dry machining are the high temperatures associated with the cutting pro-
cess in the tool-workpiece cutting zone, excessive tool wear and the difficulty of chip removal
especially in drilling operations, and the requirement of special cutting tools which can resist
high temperature [125, 221]. Additionally, built up edge (BUE) and adhesion can form on
the cutting tool and workpiece especially at high cutting speeds. Dry machining is used
when the use of coolants is not suitable or recommended. Dry machining process can be en-
hanced by improving the cutting tool material, its coating and the method for chip removal.
Sreejith et al. [155] recommended using coated cutting tools and specifically diamond coated
tools when dry machining of nonferrous metals such as aluminium as they have no affinity
for aluminium and their high thermal coefficient and heat diffusion. Additionally, improving
the dry machining performance can be achieved by using high-pressure compressed air to
help evacuate the clogged chips instead of using coolants.
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2.10.3 Minimum Quantity Lubrication
Minimum quantity lubrication, near dry machining or simply MQL is one of the latest
technologies for delivering precise quantities of cutting fluid to the targeted cutting region
where cooling is needed. The idea is to use the least amount of cutting fluid or lubricant
mixed with air, typically a flow rate of 50 to 500 mL/hour is used [222–224]. The amount of
lubricant used can make a substantial difference in the cutting process by improving surface
finish and tool life considerably. Advantages of MQL is that it produces drier workpiece
and can provide lubrication when high-pressure of flood coolant cannot be used. It can also
reduce the costs associated with the usage and waste disposal of similar cutting fluids used
in high-pressure and flood coolants [208]. Moreover, it can reduce the thermal shock of the
tool and the workpiece. Additionally, MQL can reduce the mist and spray generated and
hence it can be used in non-enclosed machines. Disadvantages of MQL is that it cannot
flush away chips and swarf from the cutting zone and limited ability to cool the machined
surface [225]. The additives used in MQL can sometimes cause corrosion and slip accidents
for operators if left on machined parts without removing them [225]. MQL can only reduce
the heat generated from the cut chips but not the heat generated by the tool and workpiece,
therefore, it is not ideal for use in a high production environment or applications which
require high cutting speeds. MQL have been widely used in all machining applications; it
can be supplied externally through one or several nozzles as shown in Figure 2.19.
Figure 2.19: MQL supply systems designed by Klocke et al. [226]
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The number of nozzles and their positions and orientation, as well as the spray pattern all,
play a significant role in the machining performance [226]. The internal MQL cooling is
supplied through holes created with the cutting tool such as drilling or milling processes.
Indeed, the efficiency of external MQL is limited by its penetration to reach the cutting zone.
The external supply of the MQL coolant is only practical up to length/diameter ratios of
l/D < 3, for larger ratios the cooling influence becomes less effective and might require
re-wetting several times which prolongs the time of the machining process [226]. MQL is
compressed with air and usually sprayed from a close range from the cutting zone area.
Many parameters influence the MQL efficiency such as the mist pressure and lubricant flow
rate, the droplet size and nozzle distance from the cutting zone, method of supplying the
MQL (internally or externally). The common fluids used are water, oil or a mixture of water
and oil mixed with compressed air. The application of MQL has been used with ferrous and
non-ferrous alloys such as steel, titanium and aluminium. The following section summarises
some work done on the machining of ferrous alloys using MQL while the later section focuses
on the near-dry machining of aluminium alloys with a focus on drilling process.
The MQL drilling of metals has been the focus study of many researchers. Most of the
drilling researches were carried out using external MQL systems while few used internal
ones. Milling was also investigated. The flow rate usually ranged between 5 and 250 ml/hr
and air pressure between 3 and 23 bars. Generally, most of the work carried out on MQL
focused on turning and grinding operations of various types of steel [223, 224, 227–233]
which could be due to the better coolant penetration in those machining operations than
in milling and drilling where the coolant impact could be limited when the cutting tool is
engaged with the workpiece material [234, 235]. In most studies, the application of MQL
in metal machining helped improve surface finish, reduce tool wear, cutting temperatures
and cutting forces compared to dry and conventional cooling [223, 224, 227, 231, 233–238].
The previous studies also showed MQL improved the dimensional accuracy of the cutting
process besides reductions in BUE and delay the formation of welding of chips especially
at higher cutting speeds. Moreover friction and thermal distortions in the workpiece were
reduced which lead to improved productivity and by allowing for higher cutting velocities
and feed rates.
As discussed previously, the MQL can be supplied externally by means of nozzles attached
near the cutting zone or internally by means of the tool spindle and internal cooling ducts
inside the cutting tool [226], the external system is used in all machining applications while
the internal MQL system was mainly developed for milling and drilling processes for better
coolant impact and penetration. A drawback of external systems is that variation of the
cutting tool and workpiece dimensions which require a continuous change of nozzle position
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and orientation for better performance [226]. However, other studies reported that the
application of MQL can be disadvantageous over flood cooling at high cutting speeds and
feed rates as hole size was outside tolerance range due to the limited capacity of the MQL
to remove heat from the cutting zone and the inability of MQL to minimise the adhesion
of aluminium on the cutting tools [239–244]. Other studies reported that the combination
of proper coating and MQL can give tool life performance which is comparable to wet
machining at reduced costs [245–247].
2.11 Cryogenic Machining
Cryogenic machining is the science that studies the behaviour of machining materials at
very low temperatures and the use of cryogenics in the machining process. Cryogenics are
increasingly being used in machining process as a cooling agent because they can consid-
erably reduce the high temperatures generated due to the continuous friction between the
tool and the workpiece and tool-chip interface. Advantages of cryogenic machining over the
conventional methods were summarized by Pusavec et al. [248] such as being cleaner, safer,
environment friendly (no environmental hazards), cost saving, increase of material removal
rate (higher cutting speeds), better surface finish, increase tool life, reduces friction and
power consumption, increase of productivity. Liquid nitrogen is the most commonly used
cryogenic coolant in the machining applications [211]. LN2 is non-flammable, environmen-
tally friendly gas, non-toxic and does not leave any effects after being used. Moreover its low
temperature of -196 ◦C degrees greatly reduces the cutting temperatures associated with
the machining process. In most of the application, liquid nitrogen is used in its gaseous
state but it is usually stored in its liquid phase in large tanks as it provides an easier and
cheaper method of delivery and supply. A comparison between CO2 and LN2 cryogenic
coolants in turning Ti-6AL-4V showed that CO2 was more effective in reducing the surface
roughness, flank wear and cutting forces while LN2 proved to be more effective in reducing
high temperatures associated with the machining process than CO2 [249].
Cryogenics have been widely used as a method of the material treatment or cooling aid
in different machining applications and on with many types of materials including metals
and composites. Cryogenic treatment is one of the first methods used in, especially in the
manufacturing, automotive and aerospace industries, where high material properties such
as hardness and strength in some parts are desired in order to improve their performance
and longer service life, or when more coherent structure is desired to improve its thermal
and electrical conductivity. For example, having stronger engine parts such as gears and
crankshafts to enhance their strength and durability, better knife blades toughness and
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abrasion resistance for cutting operations, cryogenic treatment is usually performed in three
stages: the slow cooling stage, soaking stage and a tempering warming stage [250]. These
stages can be varied depending on the desired material properties after the treatment, time
and cost, the process involves submerging the part to be treated in a bath of liquid nitrogen
for a period of time. The material properties change when subjected to low temperatures
leading to changes in its microstructure. For example, when ferrous metals are cryogenically
treated, better thermal properties and lower surface friction are achieved which gives better
surface finish after machining them. However, high costs are associated with the process
which can be avoided by cooling the sample as fast as possible to the treatment temperature
to reduce costs associated with time. However, the risk of thermal shocks due to the low
temperatures is apparent and might damage the treated material, hence, this method is
preferred when a temperature control is possible to avoid damaging the treated sample, a
detailed review of the steps of cryogenic treatment process of cutting tools and its benefit
on various cutting tools types were previously summarized by Gill et al. [251].
2.11.1 Cryogenic machining strategies
Cryogenic cooling methods applied in machining operations can be classified into four dif-
ferent groups according to Yildiz and Nalbant [211, 250] as shown in Figure 2.20:
Figure 2.20: Cryogenic machining strategies
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Cryogenic pre-cooling of the workpiece
The cryogenic pre-cooling is performed by either submerging the workpiece in a liquid
nitrogen bath or by continuously subjecting it to a flow of liquid nitrogen to transform the
material from ductile phase to brittle phase. The first implementation of this method goes
back to the work of Wiggins et al [252] who used cryogenic liquid nitrogen in the drilling
process of bone. Limited work was found on composites, Bhattacharyya et al. [253, 254]
applied liquid nitrogen during the machining process of Kevlar composites and found that it
helped to improve the surface finish. This method has been mostly applied to different grades
and types of steel [255–261] since it proved to be useful in controlling chip breakability in
turning operations by bringing the chip to embrittlement temperatures as well as increasing
the upper limit of used cutting parameter [262–264]. The method was recently applied to
aluminium alloy 6061 by precooling it to temperatures of -50 ◦C prior turning operations
in the work of Murugappan et al. [265]. Their results showed improvements in surface
roughness surface roughness over dry machining trials and better performance of the cooled
workpiece at higher cutting parameters. However, this method has many disadvantages and
cannot be useful in industrial applications as a large amounts of liquid nitrogen are required.
Some of the problems reported in machining application when using this method changed in
the dimensional accuracy of the workpiece increased cutting forces and high costs associated
with liquid nitrogen purchase and storage [211, 265].
Indirect cryogenic cooling
Indirect cryogenic cooling also known as conductive remote cooling or cryogenic tool back
cooling, is a method used to overcome the problems associated with pre-cooling the work-
piece [211]. In this method, the aim is to remove the generated heat and high temperatures
in the tool and the workpiece by heat conduction from an LN2 or CO2 chamber located
at the tool face or the tool holder [250] as shown in Figure 2.21. The cryogenic coolant is
supplied on the back of the cutting tool or over the rake face or by circulating the cryogenic
coolants internally in the cutting tool body in order to extract heat from the cutting tool
during the machining process. This method was mainly used in turning operations of steel
and titanium alloys. The indirect cryogenic cooling method depends mainly on the thermal
conductivity of the cutting tool material and the surface area of the cutting tool which the
cryogenic coolant will be in contact with.
The indirect cryogenic cooling method is useful in reducing tool wear and preventing it
from plastic deformation, thus maintaining its sharpness [267–272]. The method was also
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Figure 2.21: Concept layout design of indirect cryogenic cooling in machining [266]
reported to reduce cutting temperatures [266–273]. This method also helped maintain the
workpiece ductility and avoid the increase in its hardness and brittleness [273]. Other studies
reported that using indirect cooling improved the friction effect between the chip and the
cutting tool which altered the shape of formed chip from irregular to regular shapes [266].
This method is highly dependent on the thermal conductivities of the workpiece and cutting
tool, it could be further improved by increasing the cutting tool contact area with cryogenic
coolant [211].
Cryogenic spraying and jet cooling
This is the most commonly used cryogenic cooling method which mainly aims to reduce the
temperatures in the cutting zone and chip-tool interface [211]. The method involves directly
cooling the cutting zone area by either flooding the cryogen in a similar way to conventional
emulsion cooling or spraying the cryogen through nozzles to the desired regions as shown
in Figure 2.22. The cryogen flooding method consumes large amounts of coolant which add
high costs and can lead to cooling undesired areas or pre-cooling the workpiece [211, 274]. In
such application, the direct coolant contact with the workpiece cools unwanted areas which
could lead to an increase in the cutting forces. The method was mainly applied in turning,
milling and to a less extent drilling operations due to the limited impact of the coolant
once the cutting tools enter the workpiece. Most work was on machining steel, titanium
alloys, aluminium alloys and magnesium alloys and more recently composites [275]. First,
attempts for using this method was carried out by Paul et al. [276–279] in grinding steel
operation by using a jet of LN2 directed by a nozzle at the grinding zone from a fixed
distance. The reported that the cutting forces and residual stresses were reduced due to
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better chip formation modes over dry and flood coolant conditions. Even though this method
showed considerable tool life improvement, the continuous cooling of the major and minor
flanks could result in premature failure due to overcooling the workpiece [264].The use of
jet or spray nozzles at the cutting interaction zone have been used in conventional cooling
methods and have been also extended to be used in cryogenic machining [249, 270, 280–282].
.Benefit of this method lays in its ability to remove the formulated chips and to have better
penetration into the tool-chip interface zone which improves the heat removal and eliminates
the BUE effect on the cutting tool and increases tool life. It is also more economical as it
consumes very small amounts of coolants due to the use of nozzles in comparison to flood
cooling method which considerably saves costs.
Figure 2.22: Schematic view of liquid nitrogen machining setup by Chattopadhyay et
al. [283]
Cryogenic treatment
Cryogenic treatment is a heat treatment method which implies cooling down the material
to cryogenic temperatures for a long period of time followed by heating to improve the
wear resistance and dimensional stability [211] as shown in Figure 2.23. The method is
mainly used for cryogenically treating the cutting tools prior the machining process and to
increase its hardness. The method have been widely used in drilling, turningand milling
operation. The cryogenic treatment of HSS cutting tools resulted in longer tool life when
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drilling different types of steel [256, 284]. Kim and Ramulu [285] reported that cryogenically
treated carbide drills with low cobalt percentage drill bits gave better hole quality than
untreated ones when drilling thermoplastic composites.
Figure 2.23: Typical cryogenic treatment for tool steels
However, the cryogenically treated bits wore faster and showed signs of pitting (indenta-
tions on the surface) and, therefore, the treatment was deemed unbeneficial. In another
study by Stewart [286] on machining medium density fibre board showed that cryogenically
treating carbide tools with cobalt binds reduced tool wear due to the increased corrosion
and oxidation resistance. Barnes et al. [287] found that drilling CFRP with precooled drill
bits increased the cutting forces compared to dry drilling and did not show any significant
reduction in tool wear but using them helped reduce delamination. In another study by
He et al. [259] on turning titanium alloys showed that using cryogenically treated carbide
inserts reduce cutting forces, cutting temperatures, better surface finish and wear resistance
compared to untreated ones especially at higher cutting speeds. Kivak et al. [288] also re-
ported that the cryogenic treatment of reduces the size of the carbide particles increased
their concertation and uniformly distributed them on the cutting tool which improved its
wear resistance when machining titanium alloys. Moreover, the treatment increased the
hardness of the drill bit due to the transformation of the retained austenite to marten-
site [256]. Some studies reported that drilling different styles of steel using cryogenically
treated cutting tools reduced surface roughness, cutting forces and tool wear compared to
non-treated drill bits due to microstructural alterations which increased bonding strength
and deformation resistance [260, 289]. The drawback in this method lays in its instability
for all machining applications and cutting conditions [211].
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2.11.2 Cryogenic Machining of Composite Materials
Even though many researchers have previously investigated the effect of cryogenics in ma-
chining, most of the work done were on turning operations of metals such as steel and
titanium. Little work was done on cryogenic machining of composites and more specifically
cryogenic drilling of composites. This area needs to be thoroughly investigated to provide a
better understanding and accurate information for the industry about its effectiveness and
best approach. The following are summaries of some of the research studies and findings on
cryogenic machining of composites Natural material or biological tissues such as bones and
wood are considered as natural composite materials similar to the artificial composites made
by humans, drilling bone have been major research in medical sciences for a long time, the
importance of understanding the mechanism to drill the bone during a surgery is important
to avoid the risk of fracture and temperature rise which can cause burn marks and damage
to the bone [290].
Wigging et al. [252] found that lowering the temperature of bone during machining can lead
to reduction in cutting energy when using liquid nitrogen. Bhattacharyya et al. [254] used
ambient and cryogenic liquid nitrogen coolants in their study of drilling Kevlar composites
(KA-060/ADR 240) found that in comparison with drilling at ambient temperatures, us-
ing cryogenic coolants produced better surface roughness and less hole dimensional error
regardless of the drill geometry and type. Moreover, tool life increased while thrust force in-
creased when using cryogenic cooling leading to higher delamination, especially when drilling
without a backup plate. Other studies reported that using croygenically cutting tools can
improve tool life during drilling of medium density fibreboard [286, 287, 291] Some studies
reported an increase in cutting forces using cryogenic coolants especially when usign liquid
nitrogen due to the increase in hardness of the machiend material [287]. However other
studies reported a reduction in cutting forces as the cryogenic coolant acted as a lubricant
at the cutting zone [286, 292].
2.11.3 Comparison studies of MQL and Cryogenic machining
Despite having numerous studies reported on the effect of using MQL and cryogenic cooling
methods in machining applications. Nevertheless, there were smaller numbers of studies
which compared these two cooling methods against dry and other conventional cooling
applications in the same study. Previous comparison studies on dry drilling metals and
composites showed that tool wear can be reduced by up 50 %, while chip contact length
and thickness decreased by 20 % using MQL and cryogenic cooling over dry conditions,
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especially at high cutting speeds due to proper cooling and (lubrication in MQL) [293]. The
studies also agree that using MQL and cryogenic coolants can reduce the machining tem-
peratures [294, 295]. The use of cryogenic coolants had contradicting reported results, some
studies reported an increase in surface roughness considerably due to the increased workpiece
hardness, cutting forces and the limited lubrication effect by the cryogenic coolant [293, 295].
However, other studies reported that the cryogenic cooling outperformed MQL in reducing
tool wear and surface roughness considerably when supplied in short periods of no more than
4 minutes, as it prevented fractures, adhesions and chipping in the cutting tool which was
present under MQL and dry conditions [294, 296, 297]. This could be due to the different
reaction of metals to cryogenic cooling or the duration and delivery method of cryogen to
the cutting zone.
2.12 Summary
• In this chapter, a brief review of the history of FMLs and GLARE have been presented.
The overview briefly describes the manufacturing process of GLARE. The chapter also
summarises types and characteristics of GLARE and aluminium alloys and the possible
application for GLARE in the aerospace industry. The state of the art of cutting
mechanisms, chip formations, and factors affecting the machinability of metals and
composites and full literature of the drilling of GLARE fibre metal laminates has been
presented.
• As evident from the literature, when fibre metal laminates such as GLARE are sub-
jected to drilling operations, the defects that are likely to appear resembles those
which occur in composite metallic stack structures, making the evaluation of hole
quality even more complicated.
• Machining operations in GLARE can be carried out in conventional twist drilling
process normally used for making holes into metallic or composite parts. However,
it is necessary to take into account the need to modify the process parameters and
cutting tool geometry/coatings based on its constituents.
• Although the development of FMLs has been mainly associated with aerospace ap-
plications. However, their use is still limited by the assembly difficulties and high
associated costs during machining and joining operations.
• Machining operations of GLARE, such as drilling and milling can cause damage to its
metal and composite constituents in the form of poor burr formations, poor surface
finish, drilling-induced damage forms in composite layers, inadequate hole size, cracks
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and thermal damage in the heat affected zones. In addition, the abrasive nature of
glass fibres in GLARE rapidly increases tool wear which also influence the final hole
quality.
• Contrary to composites, or composite metal stacks, some of the defects in GLARE
laminates cannot be detected visually since metallic sheets and composite layers are
permanently bonded together, and therefore, care is taken when machining those parts
as they will be installed in critical locations which govern the safety and integrity of
the aircraft. This has caused a barrier to the widespread of fibre metal laminates
usage in other applications of aerospace structures.
• Producing high quality of holes in aerospace structures with minimum damage is
a challenging aspect in the machining industry. However, despite having a decent
amount of research on the machinability of metals, composites and composite metal
stacks, the amount of machinability research reported in the open literature on fibre
metal laminates is very limited.
• Despite dominating the coolant sector for machining applications, the use of conven-
tional cooling methods is being slowly replaced by a more productive, economically
and environmentally friendly coolants such as MQL and cryogenic cooling (LN2 and
CO2).
• There has been extensive work on the performance of coolants on the machinability of
various metals such as steel, aluminium and titanium alloys and to a very less extent
on their effect on the machinability of CFRPs. However, the research on minimum
quantity lubrication and cryogenic machining of fibre metal laminates is not reported
at all.
• As evident from the literature, MQL and cryogenic machining showed a significant
contribution to improving the quality of machined parts in metals and composite
structures, especially in reducing the tool wear compared to dry or providing similar
results to those obtained from conventional cooling, due to their ability in reducing
the machining temperatures and friction between the cutting tool and the workpiece.
• The reported literature on the machinability of GLARE fibre metal laminates is very
limited to several studies conducted in the past few years, and during the development
of FMLs back in the 1990s. The focus of previous studies was only on the machinability
of thin GLARE laminate of thicknesses up to 2 mm due to high material costs, limited
availability and limited industrial applications.
• The cutting parameters used were in the range of 4000 rpm and 7500 rpm due to
restrictions in the cutting range of the used CNC machines. The impact of coolants
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such as MQL and cryogenic cooling on the drilling of GLARE fibre metal laminates
was not previously reported in open literature due to the small thickness of tested
laminates and limited cutting parameters investigated by previous researchers.
• Although previous studies carried out substantial effort in analysing the machined
hole quality in GLARE laminates through the evaluation of hole size, burr formation
and cutting forces, the analysis of the borehole surface roughness was not previously
addressed due to the hybrid nature of the laminate. Moreover, the inspection of bore-
hole surface for drilling induced damage through the applications of advanced scanning
techniques was not previously carried out. Also, in all of the reported literature on
GLARE machining, the implementation of design of experiments statistical techniques
in drilling trials was not reported.
• The current research aims to fill the gaps in GLARE machinability by conducting
conventional dry drilling tests on two grades of GLARE laminates and thicknesses up
to 7.15 mm to evaluate the impact of fibre orientation and workpeice thickness on
cutting forces and a number of hole quality parameters using design of experiment
strategies, some of which have not been previously addressed in open literature. The
current research will also fill the gap on the impact of using cryogenic and MQL
coolants on the machinability of GLARE laminates as green machining is becoming




T his chapter provides a detailed description of the experimental work carried out, thesetup of the machining process and the equipment used for measuring the character-
istics of hole quality, to evaluate the drilling performance under different machining condi-
tions. The chapter also describes the undertaken measurement techniques, data collection
and analysis to evaluate the performance of machining coolants.
3.1 Introduction
The current research involved two experimental phases. The first experimental phase in-
vestigates the drilling of Al2024-T3 aluminium alloy, GLARE 2B and GLARE 3 laminates
under dry conditions. The aim is to evaluate the impact of cutting parameters such as
spindle speed, feed rate, fibre orientation and workpiece thickness (for GLARE only) on
cutting forces and hole quality. The second experimental phase investigated the drilling of
GLARE 2B 11/10-0.4 under two different cooling technologies: a) Cryogenic cooling using
direct liquid nitrogen and b) Minimum quantity lubrication. The aim is to evaluate the
influence of using those coolants on cutting forces and hole quality and to compare them
with results from dry drilling condition from the previous phase. In each phase the following
data was collected and analysed:
• Cutting forces (thrust force and torque).
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• Average surface roughness (Ra).
• Burr formations (Burr height and burr root thickness at entry and exit sides).
• Hole size (at top and bottom locations).
• Circularity error (at top and bottom locations).
• Surface Integrity for part of the hole periphery.
• Delamination (surface delamination and damage in glass fibre layers)
• The heat affected zone around the hole edge at the exit side of drilled holes.
The following sections detail a comprehensive description of the methods and procedures
which were taken to measure and analyse the collected data for each phase:
• Selection of cutting parameters.
• Machine tool details and setup.
• Cutting tool details.
• Machining coolants details and setup.
• Cutting forces measurements setup and data collection.
• Delamination inspection setup and analysis technique.
• Measurement of surface roughness.
• Measurement of burr formations.
• Setup and measurement of hole size and circularity error.
• Borehole surface inspection using scanning electron microscopy (SEM).
• Three-dimensional surface inspection using Contour GT.
• Temperature measurements of the cutting tool and hole edge at the exit side.
• The design of experiments (DOE).
3.2 Selection of Cutting Parameters
The selection of cutting parameters such as spindle speed, feed rate, and coolant flow rate
and air pressure -in the case of MQL- is a significant factor for improving the cutting
performance and surface integrity of machined holes. The choice of cutting parameters
in this research was based on previously used cutting parameters when drilling GLARE,
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aluminium and GFRP composites. As shown previously in the literature, there were limited
studies available on drilling GLARE. Generally, the range of the feed rates used was between
0.05 to 0.3 mm/rev, while cutting speed used ranged between 70-140 m/min. Accordingly,
the used spindle speeds -depending on the size of the cutting tool- ranged between 4000 to
7500 rpm [1, 64, 68, 193, 194]. The equations from 3.1 to 3.4 relates the cutting speed, feed
rate and spindle speed to each other in a drilling process.
Cutting speed (Vc) =
pi.D.n
1000 (m/min) (3.1)
Spindle speed (n) = 1000.Vc
pi.D
(rev/min) (3.2)
Feed speed (Vf ) = f.n (mm/min) (3.3)




• Vc = Cutting speed (m/min).
• n = Spindle speed (rev/min).
• Vf = Feed speed (mm/min).
• D = Drill diameter (mm).
• f = Feed per rev (mm/rev).
The cutting parameters were set as four levels of spindle speed (1000, 3000, 6000 and 9000
rpm), and four levels of feed rate (100, 300, 600, and 900 mm/min). Additionally, for MQL
trials, three levels of flow rate (20, 40 and 60 mL/hr) and three levels of air pressure (1, 2 and
3 bars) were used. The levels values were based on previous studies on drilling aluminium
alloys which used flow rates ranging from 10 mL/hr to 100 mL/hr and in some cases up to
250 mL/hr coupled with air pressures of up to 10 bars [143, 239, 241, 243, 246, 298–301], and
according to the limitations in the CNC and MQL machines used in the studies. Moreover,
the parameters satisfy full factorial and fractional factorial design requirements which were
necessary to perform statistical analysis on the collected data, as explained later.
3.3 Experimental Design Arrays
Initially, a screening design was adopted to narrow down the number of variables which will
be considered for analysis. Due to the limitation of GLARE laminates and high machining
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costs, the current research verified two factors, the spindle speed and the feed rate, which
were considered important for the drilling study. In addition, coolant flow rate and air
pressure were considered for MQL trials. It is usually recommended to use full factorial
or fractional factorial designs when screening in a study especially when the number of
factors involved ranges between 2 to 4 as shown in Table 3.1. Additional details on design
of experiments and analsysis is provided in Appendix A.
The full factorial design was chosen to study the response of the cutting parameters in
dry and cryogenic drilling trials while the fractional factorial design was chosen for MQL
trials to further reduce a large number of runs required in this method. Factorial designs
are helpful in determining the effects of two or more variables and their linear interactions
on a response, therefore simplifying the process. However, they do not have the ability to
determine the contribution of higher order interactions or quadratic terms of each factor.
Table 3.1: Design Selection Guideline [302]
The next step was to implement the response surface design to model the response of the
output in terms of its inputs. Usually, when applying DOE to machining trials, blocking is
desirable since it does not require the randomization of the trial order or sequence (random-
ization is useful to eliminate uncontrollable variables). In order to make the DOE results
more robust, each of the experiments was repeated twice to determine the accuracy of the
collected data, in the dry drilling of GLARE 2B 11/10, up to 5 repetitions were considered
to check whether using two different CNC machines for this experiment had any effect on
the outputs. The central composite design (CCD) also known as Box-Wilson central com-
posite design was used in two forms shown in Figure 3.1. The CCD contains an embedded
factorial design with centre points which allow for the estimation of curvature in a model.
The circumscribed central composite CCC was used for dry drilling of GLARE 2B 11/10
while face centred composite design FCC was used for MQL drilling trials. The later design
is recommended when it is not possible to extend the axial out to the maximum and min-
imum values of the chosen analysed factors. Therefore, it was used for MQL trials due to
limitations in the controllable levels of air pressure and coolant flow rate from the portable
MQL and the CNC milling machines. The cryogenic drilling trials were not further analysed
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using RSM due to limited funding and material for this research.
Figure 3.1: Generation of a Central Composite Design for Two Factors [302]
The analysed outputs can be correlated to the cutting parameters using non-linear regression
analysis available in RSM. When using multiple regression analysis, the R2 (the regression
coefficient) is obtained and is valid if R2 > 0.85 for the models, a value above 0.85 indicates
that the fit of the experimental data is satisfactory and that the equations obtained can be
used to obtain values of the variables within the tested range of cutting speeds and feed rates
(factors). Finally, confirmation tests are carried out by comparing the results of the new
parameters obtained experimentally and those obtained from the mathematical equation
from the regression analysis. ANOVA statistical tool is used to evaluate the significance
and contribution of studied parameters on the outputs of both stages. The analysis of
variance (ANOVA) will be used to determine the relative significance of the machining
controllable parameters (spindle speed and feed rate), on hole quality parameters, thrust
force and torque. The percentage of contribution P calculated in the ANOVA gives an
indication of how much each controllable parameter influences the output parameters. The
following sections describe the experimental procedure and tests used in the dry, cryogenic
and MQL drilling trials. Minitab software version 17 was used to perform statistical analysis
and produce ANOVA data.
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3.4 Dry Drilling Trials
The dry drilling experiments combined four spindle speeds and four feed rates which rep-
resent a general full factorial design (42 = 16). In order to confirm the repeatability of the
experiment, the tests were repeated two additional times and reported results are the aver-
age readings. Each set of 16 holes was drilled with a new tool to avoid any effects that might
arise from the tool wear. Some of the drilling trials of GLARE 2B 11/10-0.4 were carried
out on a MORI SEKI SV-500 instead of MORI SEKI NV-5000 CNC milling machines, two
additional sets of the hole were drilled to eliminate the effect of using a different machine
on the output results, and the variation among measurements was found to be negligible.
Therefore, the average of the results was taken from a total of five sets from both machines.
Table 3.2 summarises the cutting parameters used in the experiment. Several holes were
drilled at very high feed rates and very low spindle speeds (1000 rpm with 600 and 900
mm/min), their results were reported in here for comparison only, these holes were drilled
for the purpose of evaluating delamination and for high productivity reasons.
Table 3.2: Spindle speeds and feed rates used in the full factorial dry drilling trials.
The next step implements the application of response surface methodology (RSM) and
central composite design (CCD) to analyse the influences of dominant cutting parameters on
investigated hole quality parameters when drilling GLARE. The RSM analysis was carried
out on GLARE 2B 11/10 laminates only due to the limited available material and high costs
associated with machining operations. The drilling trials are carried out using same plates
and cutting tools from GLARE 2B 11/10 drilling trials. The design of experiment aims to
further analyse the influence of the spindle speed and feed rate based on a two-factor three-
level full central composite design (CCD) as shown in Table 3.3. The multiple regression
analysis using response surface methodology is employed to develop mathematical models
which relate input parameters (i.e. spindle speed and feed rate) to the response parameters
(i.e. thrust force, torque, surface roughness ...etc.). The mathematical models are tested
for their accuracy of predicting the responses and are compared with the experimental
data from two additional drilling tests. The main effects and their interactions, in addition
to quadratic terms of the input variables, are tested to evaluate their contribution to the
predicted responses using analysis of variance (ANOVA).
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Table 3.3: Central composite design levels of spindle speeds and feed rate for GLARE 2B
11/10 drilling trials
The RSM model is designed using a blocked matrix consisting of 2 blocks, 6 centre points,
3 axial points and 3 cube points and default value of alpha of 1.414 making the total 14
runs each with coded and actual independent process variables as shown in Table 3.4. The
adequacy of the developed models were tested at 95 % confidence level using ANOVA. The
number of replicates was set to 3 and the measured responses were analysed using MINITAB
16 statistical software.
Table 3.4: Central composite design array for GLARE 2B 11/10 drilling trials
The adequacy of the developed models were tested at 95 % confidence interval using ANOVA.
The final quadratic regression models of the responses -in coded input factors forms- are
determined using MINITAB 16 software. The developed models were validated by carrying
out additional confirmation experiments. The confirmation experiments were carried out
at n= 9000 rpm and f= 450 mm/min, and 4500 rpm and 600 mm/min. Each of the
confirmation experiments was repeated twice and the average value of the three tests was
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used for comparison with values obtained from predicted models.
3.5 MQL Drilling Trials
Three spindle speeds and three feed rates were used MQL drilling experiments. The tests
were repeated two additional times to confirm the repeatability of the results observed
and all measurements were reported as mean values of the average readings obtained from
the three tests. Two levels of air pressures and two flow rates were used for the analysis
in addition to two spindle speeds and two feed rates with one centre point as shown in
Table 3.5.
Table 3.5: Fractional factorial MQL machining parameters and their levels
Although preliminary trials using MQL coolant showed that the level of air pressure and the
coolant flow rate had a minor influence on cutting forces, their levels affected the surface
roughness; therefore, these coolant parameters were investigated further and were included
in the RSM statistical model. Face centred central composite design was used to further
analyse the MQL trials. The total number of runs was 31 with seven total centre points
as shown in Table 3.6. The fractional factorial MQL model is capable of detecting the
significance of each factor (i.e. spindle speed, feed rate, coolant flow rate and air pressure),
and their interaction effects on desired outputs (i.e. thrust force, torque and surface rough-
ness). Similar to dry drilling trials, the RSM model is used to further analyse the impact
of the four controllable factors on the response outputs to detect the impact of higher order
interactions such as quadratic terms.
The RSM model is designed using a blocked matrix consisting of one block, 7 centre points,
and no axial or cube points. The face centred composite design alpha value = ±1 was chosen
since it requires three levels of each factor making the total number of runs equal to 31, each
with coded and actual independent process variables as shown in Table 3.6. The adequacy
of the developed models were tested at 95 % confidence level using ANOVA. The number
of replicates was set to 3 and the measured responses were analysed using MINITAB 16
statistical software. Some of the runs in the model were taken from the previous factorial
design to reduce the required number of trials.
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Table 3.6: Central composite design for MQL trials
The final quadratic regression models of the responses in coded input factors forms are
determined using MINITAB 16 software. The results were statistically validated using re-
gression models, ANOVA and were also validated by conducting confirmation experiments.
The confirmation experiments are carried out at (9000 rpm, 300 mm/min, 60 mL/hr and 1
bar) and (6000 rpm, 300 mm/min, 20 mL/hr and 1 bar). Each of the confirmation experi-
ments was repeated twice and the average value of the three tests was used for comparison
with values obtained from predicted models.
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3.6 Cryogenic Drilling Trials
The cryogenic drilling trials were carried out using a three-level full factorial design with a
total of nine runs and two additional centre points as shown in Table 3.7. The full factorial
model is capable of predicting the significance of each input factor (i.e. spindle speed and
feed rate) and their linear interactions.
Table 3.7: Spindle speeds and feed rates used in the experimental work of cryogenic trials
3.7 Machine Tool
The drilling trials were carried out on a MORI SEIKI SV-500 and a MORI SEIKI NV-5000
milling machines available at the Advance Manufacturing Research Centre (A.M.R.C) as
shown in Figure 3.2. MORI SEIKI NV-5000 machine was only used for a small part of the
dry drilling trials.
Figure 3.2: View of the MORI SEIKI SV-500 three axis milling machine
The specifications of the CNC machines are shown in Table 3.8. In order to eliminate the
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effect of using a different machine on the results of cutting forces and hole quality parameters,
additional hole sets were drilled for GLARE grade 2B 11/10-0.4 on each machine, and the
variation among measurements of cutting forces and hole quality parameters were found to
be negligible.
Table 3.8: CNC machine specifications used for performing the drilling tests
3.8 Machining Coolants Setup
Two cooling technologies were studied in the research: minimum quantity lubrication (MQL)
and cryogenic cooling using liquid nitrogen LN2. The following sections provide a detailed
description of the two systems and their setup.
3.8.1 MQL trials setup
The MQL coolant tests were conducted using a portable coolants supply machine. COOL-
UBE 2210 metal machining oil coolant was supplied under controlled flow rate and air
pressure. The full details of the MQL system are shown in Figure 3.3. The system is ca-
pable of supplying coolant mixed with small amounts of compressed air to produce various
flow rates up to 1200 mL/hr, and pressures ranging from 1-4 bars.
A holder was designed to accommodate the MQL nozzle and cryogenic coolant hose near the
tool holder. The MQL nozzle was used to create an atomised spray mist to target the cutting
area. The nozzle is made of brass and 316 stainless steel, a full jet standard spray nozzle
with inlet connection of 3.175 mm and a nominal orifice diameter of 1.6 mm, the nozzle
has a supply capacity ranging from 1.628 litres per minute at 1 bar up to 7.192 litres per
minutes at 20.7 bars. The spray angle of the nozzle varies between 23-30 degrees depending
on the supplied air pressure. The nozzle was chosen since it can atomise the coolant flow
rate and create a cone-shaped spray mist that can cover the cutting tool tip and the surface
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Figure 3.3: Characteristics of the used MQL unit and nozzle setup inside the CNC
machine [303, 304]
of the workpiece at the drill-workpiece contact zone. Three flow rates were used, 20, 40 and
60 ml/h since previous studies on drilling aluminium alloys used flow rates ranging from 10
mL/hr to 100 mL/hr, and in some cases up to 250 mL/hr [143, 239, 241, 243, 246, 298–301].
Also, Bhowmick et al. [241] previously reported that there was no significant difference in
average torque responses when changing the flow rate levels below 30 mL/hr (i.e. between
5 to 30 mL/hr) and therefore, higher flow rates were used in the experiments. In addition,
three levels of air pressure were used, 1, 2 and 3 bars due to limited pressure supply from
the portable MQL machine. The MQL coolant was supplied continuously since it was
previously reported that it was beneficial in terms of tool life for small diameter twist drills
over interrupted MQL supply. The continuous MQL supply during the drilling process
would allow small amounts of cutting fluid to reach the cutting zone at greater depths [305].
3.8.2 Cryogenic trials setup
Liquid nitrogen was delivered from a portable Statebourne self-pressurized cryogenic Dewar,
with a maximum capacity of 90 litres and operating pressure of 3 bars. The internal set-up
is shown in Figure 3.4. The liquid nitrogen was transferred from the tank to the cutting zone
through a 4 metres vacuum insulated stainless steel hose at a pressure of 2 bars. However, a
realistic comparison between the two coolant technologies would require similar machining
conditions, including equal pressures and flow rates. It was not possible to change the
cryogenic tank pressure continuously due to safety issues and therefore, the pressure was
kept constant at 2 bars. Temperature measurements of the liquid nitrogen coolant at the tip
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of the hose prior machining trials showed that a period of ten seconds was required to reach
the liquid nitrogen boiling temperature of -196 ◦C. Therefore, a minimum of ten seconds
was allowed before the start of the drilling of each hole.
Figure 3.4: Experimental setup for cryogenic drilling trials
3.9 Nozzle holder
The CNC machines did not have a built in MQL or cryogenic coolant supply capability
externally or internally. Therefore, a nozzle holder was designed and manually fitted near
the tool holder. The nozzle holder allowed for external MQL and cryogenic coolants delivery
during the machining process. The holder shown in Figure 3.5 can be manually adjusted
in all directions and is capable of accommodating both cooling methods to provide better
cooling strategy on the cutting tool-workpiece zone.
3.10 Cutting Tool Specifications
Twist drills are the most common tools used for making holes and rivets in aerospace
structures [84]. The choice of drill bit geometry is of a great importance since it can affect
the quality of drilled holes. In the current research, High-performance general purpose
drill OSG HYP-HP-3D φ6 mm TiAlN (Titanium aluminium nitride) micro grain coated
tungsten carbide twist drills with point angle of 140◦ and a flute helix angle of 30◦ shown
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Figure 3.5: Schematic representation of the nozzle holder fitted inside the CNC machine
in Figure 3.6 were used for all drilling trials. The drill has an h7 shank diameter tolerance
and an m7 drill diameter tolerance. The total length of the drill is 66 mm and the flute
length is 28 mm. The type of drill was chosen according to similar previous studies on
machining GLARE and composite-metallic stacks in the drilling of GLARE [193, 194]. The
large point angle of 140◦ was chosen since it was previously reported that it can reduce
burr formations when drilling aluminium alloys [135, 306]. Also, the large and positive
helix (rake) angle was chosen because it has a direct effect on the surface topography and
machining quality and to a lesser extent a minor influence on chip formation in composites.
For example, increasing the rake angle of the cutting tool reduces the matrix smearing and
increases the overall quality of the machined edge [29]. In addition, the recommended point
angle for drilling Al2024 alloy is 130◦-140◦ [128]. The size of the drill was chosen since it
is one of the most commonly used for making holes in aerospace parts. Additionally, holes
drilled in Airbus A380 structures range between 4.8 and 6.4 mm [190]. Coated cutting tools
are desirable when drilling glass fibres due to their abrasive nature [1], especially when no
coolants are used. Besides, coated cutting tools can significantly improve the shape of the
formed burrs [307]. HSS tools were excluded since it was previously reported that they are
not suitable for machining GLARE due to excessive wear [307]. Diamond coated cutting
tools are an excellent choice for drilling GLARE in terms of wear resistance but they were
excluded due to their high costs.
The TiAlN coating was chosen since it was previously reported that it is more stable at higher
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temperatures [30] which were likely to develop in dry drilling trials at high spindle speeds
and low feed rates. Kalidas et al. [308] previously reported that using TiAlN coated cutting
tools produced holes closer to the nominal size when drilling aluminium alloys. Additionally,
it was previously reported that the coating of the drill did not have a substantial effect
on the surface roughness, hole size and radial deviation when drilling Al2024 alloy [76].
However, compared to other coatings such as TiN, the application of TiAlN coating yielded
better performance and reduced the cutting forces, improved the surface roughness and
gave better tool wear resistance when machining Al2024 and Al6061 alloys in dry machining
applications [309]. Moreover, Heinemann et al. [305] previously reported that the high hot
hardness, oxidation stability and lower thermal conductivity of TiAlN coating over TiN
coating and uncoated tools provide protection to the tool substrate which gives satisfactory
tool life and wear resistance under dry and MQL drilling conditions. In addition, TiN based
cutting tool coatings have friction reducing property which shortens the contact length
between the tool rake face and chip giving lower torque values during the initial contact of
the drilling process [305].
Figure 3.6: HYP-HP-3D cutting tool from OSG (courtesy of OSG)
3.11 Workpiece Material and Sample Preparation
Two types of materials were used in the current research. Aluminium alloy Al2024-T3
and GLARE fibre metal laminates. The GLARE panels were supplied by the fibre metal
laminate centre (FMLC) in Holland and Delft University of Technology TU Delft. The
aluminium panel was purchased from a university supplier. Each panel has dimensions of
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210 mm x 150 mm. Both GLARE grades are unidirectional and their constituents have
similar thicknesses. The only difference is in the fibre orientation in each prepreg. For
GLARE 2B, the prepreg orientation in each fibre layer is 90/90 whereas for GLARE 3 is
0/90. For GLARE 2B, three thicknesses were used: 7.31, 5.15 and 2.41 mm. For GLARE 3
only one thickness was used 7.31 mm. 6 mm clamping holes were drilled on the upper and
lower parts of each panel to mount it on the backup plate as shown in Figure 3.7.
Figure 3.7: Panel details and dimensions used in the drilling tests [303, 304]
The total number of holes which can be drilled in each sample is 144. Eleven holes are
drilled in each row and in total 14 rows are drilled in the panels. The distance between the
centre of each two adjacent hole was kept constant at 12 mm. The dimensional properties
of both materials are summarised in Table 3.9.
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Table 3.9: GLARE grades considered in the drilling experiments
3.12 Support Plate
The workpiece was mounted on a support plate and clamped to it using 6 mm bolts. The
design and dimensions of the support plate are shown in Figure 3.8. The support plate
was mounted on the top of the dynamometer during the drilling process to protect it from
damage and to reduce bending of the workpiece.
Figure 3.8: CAD model of the support plate and actual fixture [310]
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3.13 Hole Quality Analysis
The evaluation of machined hole quality in GLARE is a more complex issue than that
used for composites or metals because of its inhomogeneous structure. The damage caused
in GLARE by the machining process can exist in metallic sheets and composite layers, it
can also transform from metals to composites and vice versa. To the knowledge of the
author, there are no standards which define a form of acceptable standards of the quality of
machined holes in GLARE. However, strict requirements imposed by the aerospace industry
demand the production of highly quality machined parts. For example, the presence of waste
material pressed in the edges of milled GLARE panels is considered a primary machining
defect which leads to immediate rejection of the panel, while some delamination or cracks
can be tolerated if they are repairable [1]. The following sections describe in details some
of the most common defects and criteria used to inspect and evaluate the machined hole
quality.
3.13.1 Delamination analysis
In the current research, drilled hole in GLARE was inspected for damage and delamination
using computerised tomography (CT) scan available at X-Tek Systems Ltd (Nikon Metrol-
ogy UK Ltd) and AMRC. The measurements of X-ray computed tomography were carried
out using Nikon Metrology XTH 225/320 ST and Nikon Metrology XTH 225/320 LC CT
scan machines. The samples are stacked onto a turntable using floral foam material as shown
in Figure 3.9, on which they will rotate in between an X-ray source and X-ray detectors.
Care was taken to make sure that the samples are within the range of the X-ray beam. The
florist foam is commonly used in CT scans due to its low density and reasonable rigidity
which make it relatively transparent to X-rays. The X-ray voltage and current were set at
135 kV and 105 mA respectively. The sample exposure time was 1000 ms per projection
with a total number of 3300 projections, and two frames per projection and a scanning
resolution of 15 microns. Nikon Metrology Inspect-X and XT CT Pro/CT agent were used
for setting up the scanner and reconstruction of CT volume. Volume graphics gmbh (VGL)
software was used for the analysis of the reconstructed 3D volume from the 2D image stack,
and to capture the images for delamination analysis of the glass fibre layers.
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Figure 3.9: CT scan inspection of GLARE samples [311]
Figure 3.10 illustrates the steps undertaken to process the images in order to obtain the
final delamination area around the hole. The concept of image processing for delamination
inspection of holes drilled in composite using 2D images obtained from CT scanning or
optical microscopy techniques was similar to that used previously by other researchers [80,
107, 312, 313]. The method is based on measuring the extent of damage around the hole
edge depending on the contrast in the 2D image slice which was processed by an image
processing software (ImageJ) [80, 107, 312–314]. First, the image brightness and contrast
are adjusted to get a clearer visibility of the delaminated area around the hole in comparison
to its surroundings. The image brightness is manipulated to better visualise the damage
around the hole edge. The delaminated regions are then selected using the wand tool by
tracing objects of uniform colour or threshold objects; the delaminated areas have a different
colour intensity and can be visually observed using the software. The multiple selections of
the different locations of the delaminated regions around the drilled hole are added together
using the ROI (Region of Interest) Manager and the total area of delamination is calculated.
To enhance the final image quality and clear the unnecessary surroundings, the fill command
is used to fill the whole drilled region with the black colour foreground. Sometimes the clear
outside command is also used to erase the area outside the delaminated region selection if
the fill command fails to do so. Finally, the image is converted to a black and white 8-bit
image.
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Figure 3.10: Digital image processing diagram of delamination damage around a drilled
hole [311]
Since it was not possible to define an entrance or exit delamination for each layer, the
delamination analysis was carried out at a plane taken in the middle of each glass fibre layer
to allow for better visualisation of the damage. Due to the expensive and time-consuming
nature of CT scans, only a limited number of samples were scanned for each grade of GLARE
and cooling method used. Five samples were scanned from each GLARE grade used in dry
and cryogenic drilling trials as shown in Table 3.10 while nine samples were scanned from
the MQL drilling trials. The number of samples would be sufficient to assess the influence
of the cutting parameters on delamination damage and also to conduct statistical analysis.
Table 3.10: Cutting parameters of the samples examined under CT scan for dry, cryogenic
and MQL drilling trials
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3.13.2 Surface roughness measurement
A Mitutoyo Surftest SV-600 profilometer equipped with Surfpak SV software was used to
measure surface roughness of machined holes. Calibration was carried out prior to roughness
measurements using a Mitutoyo Precision reference specimen with a known Ra value of
2.97 µm and error was found to be less than 5 %. The hole surface roughness was measured
in the direction of the feed as shown in Figure Figure 3.11.
Figure 3.11: Surface roughness measurement [190]
The stylus head is made up of a 90◦ diamond cone shape with a 5 µm tip radius. Surfpak-
SV software was used to transfer and process the collected data from the stylus to the PC.
The software was set up to measure a predefined length depending on the thickness of the
workpiece from near hole entry where the drill first contacts with the workpiece to the exit
side. The total sample length for surface roughness measurement was set to 6.5 mm for
GLARE samples 2B 11/10-0.4 and Al2024 alloy workpiece. For GLARE 2B and 3 8/7-0.4,
the total sample length for surface roughness measurement was set to 4.5 mm. For GLARE
2B 4/3-0.4 the length was set to 2.2 mm which accounts for approximately 90 % of the hole
depth. This was the maximum possible depth to carry out surface roughness measurements
through the overall depth. The vertical measuring range can be set to 8, 80 and 600 µm
with a resolution of .0005, 0.005, 0.05 µm, respectively [315]. The measuring range was set
to 80 µm and the scan speed was set to 0.2 mm/sec.
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The samples were placed such that the holes are facing the stylus from the entrance side
and the stylus was inserted into the hole at the maximum possible depth, The stylus was
then carefully lowered until in contact with the sample. The stylus was then traversed along
the internal surface of the drilled hole across the thickness of the test sample surface and
its motion profile was recorded as a profile of the surface. Ra (arithmetic mean deviation or
centre line average) is recorded in the software and some of the software settings were pre-
adjusted to obtain the desired measurement of surface roughness profiles. For example, the
compensation in the software was set to compensate for inclination at all times to remove
any effects caused by the workpiece not being completely parallel to the motion of the stylus.
The measurement process was repeated four times for each hole by rotating the sample 90◦
along its side and the mean value from the four readings of surface roughness was calculated
for each hole.
3.13.3 Burr formations measurement
Burr height and root thickness were measured by a surface roughness profilometer as shown
in Figure 3.12. The samples were placed such that the holes were parallel and in contact
with the stylus head. The stylus was then placed few millimetres away from the hole edge
and was allowed to traverse along the surface of the drilled hole until it reached the drilled
hole empty space. Its motion profile was recorded and the distance between the highest
point on the burr root thickness surface and the surface of the workpiece was measured
and burr height was recorded. This procedure was repeated four times for each hole at its
entrance and its exit sides by rotating the sample 90◦ along its side and the average value
from the four readings of burr height was calculated for each hole.
In this study, the burr formation around the edges of the first and last aluminium sheets
was analysed by measuring the size of the burrs (height and burr root thickness). The
formation of the burr is shown in Figure 3.13.a) as indicated in steps 1 to 3. These two burr
parameters were defined by Schafer [316] as shown in Figure Figure 3.13.b and are widely
used to characterise burr formation (burr profile shape) in machined holes (see Fig.4.b).
Both burr parameters were measured using a surface roughness profilometer. The burr
parameters were measured at 0◦, 90◦, 180◦ and 270◦ on the hole upper and lower aluminium
sheets (see Figure 3.13.c).
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Figure 3.12: Measurement process of burr height and burr root thickness
Figure 3.13: Burr profile showing a) the formation of burrs during drilling process b)
detailed description of burr parameters [317] c) the measurement process and locations of
burr height and burr root thickness s [303]
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3.13.4 Hole size and circularity error (roundness error) measurements
The hole size and circularity were measured using SHEFFIELD CORDAX D8 CMM ma-
chine shown in Figure 3.14 and Figure 3.15. The workpiece is placed on the machine table
and an optical probe continuously circulates on a particular section of the internal wall of
the hole. For GLARE 2B 11/10 and Al2024 samples, the measurements were taken at 1
mm (top) and 6 mm (bottom) below the hole entry side (see A and D in Figure 3.14). For
GLARE 2B and 3 8/7 the measurements were taken at 1 mm (top) and 4 mm (bottom)
(see A and C in Figure 3.14), while for GLARE 2B 4/3 the measurements were taken at
1 mm (top) and 1.75 mm (bottom) (see A and B in Figure 3.14). The scanning speed for
the measuring probe was 1 mm per second, allowing the probe to capture 400 points while
scanning the hole. The Maximum Inscribed Circle (MIC) method was used to measure the
Figure 3.14: Measurement process of burr height and burr root thickness
circularity error. An illustration of the MIC method is shown in Figure 3.16. The difference
in radii between the largest inscribed circle that can be fitted in the circular profile (MIC)
and the smallest external circle that can be fitted around the same circular profile gives the
circularity error (roundness error). The circularity can be measured by tracing the perime-
ter of the cylinder with a stylus, or probe at a particular location. The stylus measures
the circular profile by mapping a large number of points around the measured circle within
the cylinder [318]. The MIC method is used by Sandvik metrology experts for measuring
hole size. Although the least square method (LSQ) is more common in CMM machines,
nevertheless, it usually overestimates the error which influence the decision on accepting or
rejecting a part. Using LSQ could sometimes lead to part rejection even though they are
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Figure 3.15: Locations of hole size and circularity error measurement for all studied
samples using CMM machine
within the desired specifications [319].
Figure 3.16: Description of Maximum Inscribed Circle method [303, 320]
3.13.5 Cutting force measurement
The cutting forces were measured using piezoelectric 3-component dynamometers. KISTLER
9255B and 9255C dynamometers were used to measure the three orthogonal components
of a force during the machining process. The dynamometers are identical in dimensions
but differ in their measuring range. The 9255B dynamometer measuring range is between
-20 to 20 KN in the X and Y directions and -10 to 40 kN in the Z direction. The 9255C
measuring range is between -30 to 30 kN in the X and Y directions and -10 to 60 kN in the
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Z direction. The dynamometer has four 3-component force sensors which are sensitive to
pressure in the X, Y and Z directions and are capable of measuring the cutting forces and
torques in three dimensions. The dynamometer sensors are ground-insulated, rust proof and
protected against penetration of coolants. A 6-component force and moment measurement
was used. The dynamometer is mounted with four M18 bolts from its sides on the table of
the CNC machine. The measurement signals from the sensors which represent the cutting
forces acting on the dynamometers are converted into an electrical voltage in the individual
channels. Therefore, the measured data from the dynamometer require signal condition-
ing using multichannel charge amplifier to build a complete measuring system which is
controlled via DynoWare software. The dynamometer is connected to a 5070A 8-Channel
Charge Amplifier using 5 metres connecting cable type 1679A5 as shown in Figure 3.17.
Figure 3.17: Cutting forces measurement setup [190]
The charge amplifier is controlled by a data acquisition box (DAQ) which holds the dongle
(HASP) key licence. The DAQ box and the charge amplifier are connected via an RS-232
interface. The DAQ box is connected to a PC using USB 2.0 interface. The PC is running
on Windows 8 and a DynoWare software is installed. The DynoWare software is used for
measuring forces with dynamometers and for data post-processing. The complete setup of
cutting force measurement is shown in Figure 3.18 a. Type 1a 8 channel multicomponent
mode was chosen to calculate the cutting forces. The cutting forces Fx, Fy and Fz are
directly calculated during the drilling process. The torque Mz is calculated by adding the
location of the centre of the drilled hole with respect to the four sensors of the dynamometer
in the software as shown in Figure 3.18 b. The four values of a1, a2, b1, b2 were calculated
for each hole. The sampling frequency was set to 8000 Hz and measuring time was set to
20 seconds for each hole drilling.
97 CHAPTER 3. EXPERIMENTAL SETUP AND PROCEDURES
Figure 3.18: (a) 3D views of the setup of the dynamometer, the support plate and the
workpiece inside the CNC machine (b) DynoWare software torque calculations setup and
data input
The cutting forces components are calculated as shown in the following equations, were Fx12,
Fx34, Fy14, Fy23, Fz1, Fz2, Fz3. Fz4 have acquired components from the four piezoelectric
sensors.
Fx = Fx12 + Fx34 (3.5)
Fy = Fy14 + Fy23 (3.6)
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Fz = Fz1 + Fz2 + Fz3 + Fz4 (3.7)
Mz = b2.Fx34 − b1.Fx12 + a1.Fy13 − a2.Fy23 (3.8)
Therefore, in order determine the appropriate values of a1, a2, b1, b2, the holes had to be
distributed properly on the workpiece. The distance between the centres of two adjacent
holes was fixed at 12 mm in each row and column. A total number of 11 holes were drilled
in each row, and a total number of 14 rows can be drilled in each workpiece with a total
number of 144 holes.
3.13.6 Scanning Electron Microscopy (SEM)
Scanning electron microscopy was mainly used because of the limitation of optical micro-
scopes due to the limited poor depth of field and the large wavelength of visible light in op-
tical microscopes. SEM technology uses focused beams of high-energy electrons which have
much smaller wavelength than visible light over a solid surface to create a two-dimensional
image of the surface topography with high resolution. In the current research, a HITACHI
TM3030 plus tabletop scanning electron microscope was used to inspect the drilling-induced
damage of the borehole surface. Each hole was cross-sectioned from its centre and was
cleaned using acetone in an ultrasonic bath for ten minutes to remove glass fibre dust and
any debris on the surface of the borehole as shown in Figure 3.19.a. The samples were then
placed on the top of a carbon sticker and inserted inside the SEM chamber for surface inspec-
tion as shown in Figure 3.19.b. The device can operate on a variable accelerating voltage of
5 or 15 kV, the different accelerating voltages provide different types of imaging possibilities,
for example using the 15 kV provides better resolution than the 5 kV and is usually used to
inspect the subsurface while the 5kV cannot penetrate so far into the surface of the sample
so it is used to inspect the surface and have a lower backscattered electron signal. The
SEM device has a magnification range between 15X to 300000X. 3.19 shows the scanning
of a GLARE hole sample using the SEM device. A 40-100X magnification was applied to
view the alternating layers of aluminium and glass fibre. Due to the hybrid structure of
GLARE, the scanning signal was set to the Energy Dispersive X-ray Spectrometer (EDX)
which allows for multiple elemental analyses. Additionally, the mixed observation condition
was selected since it is more efficient for analysing images with dual signals, which allows
for better visualisation of GLARE constituents and adhered particles on their surfaces.
First, the vacuum inside the chamber is checked when the flashing blue light becomes solid,
then the evacuate button is pressed to evacuate the chamber from pressure and the yellow
light turns on while the blue light goes off which indicates that it is safe to open the chamber.
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Figure 3.19: (a) SEM sample preparation (b) Hitachi TM3030 table top SEM microscope
The sample is mounted on the specimen mount using an adhesive conducting carbon tab.
The samples are inserted in the main unit which is connected to an oil-free diaphragm pump
and a PC running on windows 7. The specimen holder is used to make sure the sample is
below the top of the holder. The chamber door is closed and evacuate button is pressed
while firmly pressing the door for 2 minutes until the blue light goes on again to make sure
there is no leakage or air inside the chamber. Once the blue light is on the start button on
the software can be clicked and the software can be used to take SEM images of the sample.
3.13.7 3D surface roughness measurements using Contour GT
The limitation of two-dimensional surface roughness profilometry is that the measured sur-
face roughness data are governed by the size of the stylus used, which makes it extremely
difficult to detect narrow areas smaller than the stylus tip radius [190]. In addition, limi-
tations imposed by contact methods such as the two-dimensional surface roughness devices
are due to their limited flexibility in handling different geometrical surfaces and to the fact
that they are measuring the surface roughness only along a straight line each time. For ex-
ample, it was difficult to measure or analyse the surface roughness of individual aluminium
sheets or composite layers of holes machined in GLARE due to their small thickness. Non-
contact optical methods can be used to overcome the limitations of the stylus method.
Three-dimensional optical microscopes provide the capability to measure an aerial surface
roughness on the surface of the part rather than along a straight line. In GLARE, the use
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of optical surface measurement microscopes allow for a more realistic view of the internal
hole walls surface and to distinguish between the individual layers of aluminium and glass
fibre. A 3D optical microscope Contour-GT as shown in Figure 3.20 was used to view and
analyse the surface characteristics of the internal walls of drilled holes.
Figure 3.20: Surface topography using 3D optical microscopy scans [304]
Each hole was cross-sectioned from its centre and the internal hole walls were scanned.
The Vertical Scanning Interferometry (VSI) mode was chosen since it is more suitable for
measuring non-continuous surfaces. An advantage of this method is that it also allows the
measurement of rough surfaces such as glass fibre prepregs that usually reflect a portion of
the light back to the system. It is also suitable for materials with larger height discontinuities
such as those found in GLARE due to its stacked structure. A 5X objective with 1X
multiplier was used to view the sample. This allowed scanning two aluminium sheets and
one glass fibre prepreg each time. The maximum measurement area was 1.259 mm in the
X-direction and 0.944 mm in the Y-direction. The scanning speed was set to 1X. The back
scan length was set to 100 µm and the scan length was set to 50 µm. The threshold was
kept constant at 5 % at all times. The aluminium sheets are very shiny and reflective to
bright light while the S2 prepregs are dark and scatter most of the light emitted from them,
which reduces the amount of light reflected back to the lens. Therefore, a narrow green
band light was used to view the glass fibre prepregs efficiently. A 50 % of light intensity
was also applied to enable better surface viewing and results.
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3.13.8 Measurement of Workpiece Temperature
The purpose of the temperature measurement using the infrared camera was to determine
the impact of cutting parameters and coolants on the temperature of the machined surface at
the exit side of the hole. The emissivity of the surface material is a critical input parameter
when using infrared methods to measure the surface temperature which greatly influence
the accuracy of the measurement results. The emissivity of GLARE laminates surfaces was
measured prior to conducting the temperature measurement tests as shown in Table 3.11
using three different IR cameras. The method was carried out using calibrated infrared
cameras and the thermocouples attached on the surface of the workpiece. The emissivity of
GLARE was obtained by conducting three emissivity tests. Each test was carried out using
different IR cameras and different types of coating/tapes all of which have known emissivity.
Table 3.11: Emissivity of GLARE fibre metal laminates using three IR cameras and
thermocouple techniques [321]
Measuring the temperature at the exit side of drilled holes
This part of experiment aim to measure the temperature in the heat affected zone at the
exit side in the workpiece during the drilling process. The objective is to evaluate the
extent to which using MQL and LN2 cooling technologies will contribute to reducing the
cutting temperatures during the machining process. However, due to limited time, funding
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and material supply, only preliminary tests were carried out on selected cutting parameters
under dry and MQL conditions to evaluate the following:
• The effect of increasing the spindle speed at constant feed rate.
• The effect of increasing the feed rate at constant spindle speed.
• The effect of drilling at fixed spindle speed/feed rate ratios at 3 to evaluate the impact
of reducing the drilling time on the developed temperatures.
• The effect of laminate thickness and stacking sequence of prepreg layers on the cutting
temperatures.
The emissivity of GLARE surface (see Table 3.11) showed that they are not close to perfect
black bodies, it was also found that the surface treatment of the upper and lower aluminium
sheets in GLARE are highly reflective to light, and since thermal imaging cameras capture
the intensity of radiation in the infrared part which is made up of a combination of emitted,
transmitted and reflected light, the measured temperature will result from a combination of
emitted, transmitted and reflected radiation which would turn to be inaccurate. Therefore,
in order to eliminate the reflectivity of the surfaces, a black spray coating with known
emissivity which was previously used to determine the emissivity of GLARE is applied on
the lower surface of the samples as shown in Figure 3.21. Spraying the sample with black
paint gives it an advantage since the coating has a high emissivity value equal to 0.94 which
is close to black body definition. This means that the surface will absorb most of the heat
and light and will reflect a minimum amount away from its surface.
The temperature measurement trials were carried out on the same CNC machine used
for drilling GLARE. Figure 3.22 shows how the workpiece and camera are set inside the
CNC machine. The infrared camera utilised in this study was a calibrated FLIR AGEMA
thermovision 550 camera with a built-in 20◦-140◦ lens and 320×240 pixels optical resolution.
The camera has an operating measuring range of -20◦ to 140 ◦C, from 250 to 140 ◦C and
up to 1500 ◦C with standard filter. The camera has a spectral range of 3.6 to 5 µm and a
60 Hz frame rate. The camera is operated using a FLIR tools software and is also used to
process the acquired data. The camera was placed vertically with the lenses facing towards
the back side surface of the GLARE sample. The sides of the fixture were then covered
with dark paper to reduce the amount of light entering the chamber which could affect the
measurement process.
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Figure 3.21: GLARE sample coated with black spray paint [321]
Figure 3.22: Details of the temperature measurement setup using the IR camera [321]
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Due to the limited quantity of the material available and the high costs associated with
machining trials, a limited number of drilling temperature measurements was carried out
in GLARE 2B and GLARE 3 under dry and MQL conditions only as shown in Table 3.12.
For each cutting condition, a set of 10 holes was drilled in a row on the workpiece and
temperature was measured continuously at the exit and the highest temperature recorded
from the ten holes was taken as the maximum temperature.
Table 3.12: Cutting parameters used in drilling temperature measurements in dry and
MQL trials
3.13.9 Measuring the post-machining micro-hardness
The hardness is the measure of a material resistance to deformation. The microhardness of
the upper and lower surfaces of aluminium and GLARE samples were measured prior the
drilling trials. The micro-hardness of aluminium workpiece was found to be in the range of
140 ∓3 and around 137 ∓1 HV in aluminuim sheets in GLARE samples [322]. The slightly
higher hardness of the aluminium workpiece could be due to previous cutting operation
applied on it to bring it to its current shape. However, the current research will use a
microhardness of 137 ∓1 HV as a reference for comparison. The hardness measurements
were taken near the hole edge at a distance of no more than 500 microns from the hole edge.
A MITUTOYO HM-101 Micro-Vickers Hardness testing machine was used to measure the
post machining microhardness around the hole edge as shown in Figure 3.23.
The device is capable of providing 10-1000 gf of tests force and 5-30 seconds of teste duration
time. The device is equipped with a standard Vickers indenter (19BAA114) that have an
approaching speed of approximately 60 µm per second. The device is also equipped with a
color CCD camera which allows capturing live images of the indentation and sample surface.
The sample surface can be observed through a 10X objective lens and the measurement is
carried out using a software and an objective lens of 50X. The applied load was set to 1
kgf to all holes, the duration of applying the load was set 15 seconds of dwelling time. The
hardness calculation method is carried out by applying a permanent pyramid deformation
shape on the tests surface as shown in Figure 3.23 using the following equation.
105 CHAPTER 3. EXPERIMENTAL SETUP AND PROCEDURES
HV = 1.854× F × (d1 + d2)2 (3.9)
where:
• F = Load in kgf
• d = Arithmetic mean of the two diagonals, d1 and d2 in mm.
Figure 3.23: Details of the MITUTOYO HM-101 Vickers micro-hardness testing machine
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3.14 Summary
In this chapter, the approaches with associated methodologies that were adopted to achieve
the objectives of this research have been presented. The chapter summarises the details of
the GLARE and aluminium panels used in the research, along with a description of ma-
chining process setup, cutting parameters, coolants used, cutting tool, the equipment and
procedures (experimentally and statistically) employed for evaluating hole quality parame-
ters and the methods undertaken to measure them. The following conclusions can be drawn
from this chapter:
1. The Aluminium and GLARE panels for the drilling tests have been successfully pre-
pared by determining the number of drilled holes in each panel, the distance between
holes and the chosen cutting parameters.
2. Set-up and data acquisition methods for various subsequent machinability tests such
as surface roughness, burr formations, hole size and circularity and workpiece thermal
measurement have been developed and described I details.
3. In terms of damage, there is a significant interest regarding the mechanical dam-
age mechanisms associated with composite machining. Therefore, scanning electron








T his chapter presents an evaluation of the drilling performance of Al2024-T3 aluminiumalloy under dry drilling conditions. The methodology of the drilling trials was pre-
viously described in chapter 3. The effects of machining parameters (spindle speed and
feed rate) on cutting forces and hole quality were investigated. The results are statistically
analysed using analysis of variance (ANOVA) to determine the contribution of cutting pa-
rameters on investigated hole quality parameters. The evaluation of drilling performance
is based on results for, average thrust force, average torque, average surface roughness, av-
erage entry and exit burr height and burr thickness, average hole size, average circularity
error and drilling damage around the borehole surface using optical and scanning electron
microscopy techniques.
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4.2 Results and Discussion
4.2.1 Cutting forces analysis
Figure 4.1 shows a schematic of thrust force and torque profiles respectively when drilling
a hole using a spindle speed of n = 3000 rpm and a feed rate of f = 900 mm/min. The
drilling process can be divided into three stages according to the chisel edge position with
respect to the workpiece. Initially the cutting tool is not in contact with the workpiece and
no forces are recorded. Next the cutting tool advances into the workpiece and cutting forces
increases rapildy due to the continous cutting tool-workpiece contact (entry stage). At this
stage the chisel edge of the cutting tool is not entirely inside the workpiece. The increase in
cutting force continues until the chisel edge of the cutting tool becomes fully engaged with
the workpiece. The thrust force and torque profiles remains almost constant during this
stage and maximum cutting forces are observed. This steady state cutting forces period of
cutting action contributes to the major proportion of total thrust force and torque of the
drilling process [29, 46, 125]. The fluctuations were found to increase with spindle speed.
Once the cutting tool reaches the bottom of the workpiece, the thrust force and torque falls
sharply indicating the end of steady state and entering what is known as the(exit stage)
similar to the entry stage which is the completion of hole drilling process.
Figure 4.1: Thrust force and torque profiles in drilling Al2024-T3 (n = 3000 rpm and f=
900 mm/min) [310]
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Figure 4.2 shows the influence of feed rate and spindle speed on thrust force and torque
when drilling Al2024-T3 workpiece.
Figure 4.2: Average (a) thrust force (b) torque under different cutting conditions in
Al2024-T3 [310]
Results show that the thrust force and torque increased with the increase of the feed rate
and decreased with the increase of the spindle speed. The impact of the spindle speed
on cutting forces was more dominant than the feed rate. The minimum thrust force was
recorded when drilling at a feed rate of f= 100 mm/min and spindle speed of n= 9000 rpm.
The maximum thrust forces was recorded at f= 900 mm/min and n= 1000 rpm, while the
lowest torque occurred when drilling at a feed rate of f= 100 mm/min and spindle speed of
n= 6000 rpm, which indicates that excessive spindle speed might increase the torque due
to increased friction and vibrations of the drill. The maximum torque was obtained at f=
900 mm/min and n= 1000 rpm. It was also observed that drilling at feed rate and spindle
speed combinations of 0.1 mm/rev (100/1000, 300/3000, 600/6000 and 900/9000), thrust
force reduced by 4.7 % when drilling at (f= 300 mm/rev, n= 3000 rpm) compared to drilling
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at (f= 100 mm/rev, n= 1000 rpm). However, drilling at (f= 600 mm/rev, n= 6000 rpm)
increased cutting forces by 22-26 % compared to drilling at (f= 300 mm/rev, n= 3000 rpm).
While drilling at highest feed rate and spindle speed of (f= 900 mm/rev, n= 9000 rpm)
increased cutting forces by 2-3 % compared to the previous level. This clearly indicates that
increasing the productivity of the drilling process would results in higher cutting forces.
Previous literature reported that the feed rate was the major contributor on increasing the
cutting forces than the spindle speed [68, 188, 323]. However in the current work, it has
been found the spindle speed is the dominant parameter that influences the thrust force
and torque during drilling of Al2024-T3 alloy as it can be seen from the ANOVA table as
shown in Table 4.1. This could be due to the lower range of cutting parameters used in
those previous studies and shorter drilling periods. Table 4.1 summarises the percentage
contribution of spindle speed, feed rate and their interaction on the cutting forces and hole
quality parameters. Statistical analysis using ANOVA showed that for thrust force results,
the spindle speed had the highest contribution of 48.368 % followed by feed rate with 32.038
%, the interaction of cutting parameters had a small effect of about 19.407 %. Similarly,
for the torque, the spindle speed was more dominant with 50.847 % while the contribution
of the feed rate was 29.302 % and 17.868 % for their interaction.
Table 4.1: Percentage contribution of cutting parameters on analysed factors using
ANOVA in Al2024-T3 [310]
4.2.2 Surface roughness analysis
Figure 4.3 shows the average hole surface roughness Ra under different spindle speeds and
feed rates. The surface roughness ranged from 1.159 to 7.96 µmm and was minimal when
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drilling at at n= 3000 rpm and f= 600 mm/min, and maximal at n= 1000 rpm and n= 900
mm/min.
Figure 4.3: Average surface roughness in Al2024-T3 drilling trials in Al2024-T3 [310]
Generally, hole surface roughness increased with the increase of both cuting parmaters.
The continuous rubbing of the drill against the borehole walls rises the temperatures in the
cutting zone which increases the ductility and deformations of the workpiece material and
further increase to surface roughness. The impact of the feed rate varied at different cutting
conditions. For example, the surface roughness increased with the increase of the feed rate
when drilling at n= 1000 and 9000 rpm. The surface roughness decreased with the increase
of the feed rate at n= 3000 and n= 6000 rpm with exception of drilling at f= 900 mm/min.
The influence of spindle speed on surface roughness was more signficant than the feed rate
as shown previously in the ANOVA analysis in Table 4.1. The percentage contribution of
the spindle speed was approximatley 19.97 % while the contribution of the feed rate was
around 30.2 %. The interaction of cutting parmaters also had a significant contribution of
about 47.68 %. It was also observed that drilling at feed rate/spindle speed combinations of
0.1 mm/rev tended to increase the surface roughness despite reducing the machining time,
which indicates that increasing hole drilling productivity would compromise the surface
quality of the hole. The surface roughness results acquired in this study are comparable to
reported range of surface roughness results in the previous literature on drilling operation
of Al2024-T3 alloy (1 to 3.5 µm) using similar cutting parameters and cutting tool size
[75, 144, 159].
4.2.3 Burr formation analysis
Figure 4.4 shows the average burr height and burr root thickness at the hole entry and
exit sides under different cutting parameters. Results indicate that both burr parameters
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increased with the increase of the feed rate, and decreased with the increase of the spindle
speed when drilling at n= 1000, 3000 and 6000 rpm, while they both increased with the
increase of the feed rate when drilling at n= 9000 rpm. This is because burr height greatly
depends on the workpiece material properties such that the higher the material ductility
the greater the burr height [324]. In addition, increasing the spindle speed increases the
temperatures at the cutting zone between the tool and the workpiece which increases the
plastic deformation of the alloy and therefore, leading to an increase in burr height [54].
Figure 4.4: Average burr (a) height (b) burr thickness at entrance and exit in Al2024-T3
drilling trials in Al2024-T3 [310]
The results of burr height were comparable to previously reported literature on drilling
Al2024-T3 alloy individually and in composite-metal stacks using CVD diamond drills [63,
189]. Moreover, the observed burr height was smaller than previously reported results on
drilling Al2024-T3 alloy under comparable cutting parameters but using 8, 10 and 12 mm
uncoated HSS drill [158]. This could be due to the influence of TiAlN coating of the cutting
tools used in the current research and the smaller drill bit size. Coated cutting tools have
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lower coefficient of friction than uncoated ones which limits the rise in cutting temperatures
that trigger diffusion and prevents the migration of tool atoms to the chips [325].
The impact of the feed rate was more dominant than the spindle speed on the average
burr height at both sides as shown previously in Table 4.1. The contribution of the spindle
speed on burr height ranged between 25.831 % and 26.896 %, and between 22.433 % and
44.412 % for burr root thickness. The contribution of the feed rate on burr height ranged
between 31.841 % and 31.153 %, between 21.707 % and 33.641 % for burr root thickness.
The interaction of both cutting parameters had a significant contribution which ranged from
17176 % to 20.841 % for both burr parameters. Burr height at exit side was 2-3 times greater
than at entrance side as it can be seen from Figure 4.5. This is because the contribution of
the spindle speed, the feed rate and their interaction becomes more significant at the exit side
of the hole due to the increased ductility and deformations with depth which increases burr
formations considerably. Results also showed that drilling at a high spindle speed and a low
Figure 4.5: SEM image showing hole edges at entrance and exit of drilled hole at n=1000
rpm and f= 100 mm/min in Al2024-T3 [310]
feed rates produced smaller burrs on both sides, which could indicate that burr formation
can be minimised when drilling under those conditions. Al2024-T3 alloy has a relatively high
percentage of elongation, this directly affects the burr formation since the amount of plastic
deformation is governed by the ductility of the material and its elongation [158]. Therefore,
higher spindle speeds and feed rates can cause higher burr formation. The smallest burr
height at hole entrance was achieved when drilling at n= 6000 rpm and f= 3000 mm/min,
whereas the smallest burr height at exit was achieved when drilling at n= 3000 rpm and f=
1000 mm/min.
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4.2.4 Hole size and circularity error analysis
Figure 4.6 shows the average hole size and circularity error under different cutting parame-
ters. Oversized holes were produced at both investigated locations through the hole depth
with similar results reported by Abdelhafeez et al. [63]. The hole oversize at the top was
greater than at the bottom at f= 300, 600 mm/min and n= 3000, 6000, 9000 rpm which
could suggest the possibility of drill wander on contact with the workpiece [63]. The top hole
size decreased with the increase of the feed rate at f= 100, 300 and 600 mm/min at spindle
speeds of n= 1000 and 3000 rpm, and increased with the increase of the feed rate from f=
100 to 900 mm/min at n= 6000 and 9000 rpm. The hole oversize at bottom location gener-
ally decreased with the increase of the feed rate when drilling at f= 100, 300, 600 mm/min
and increased thereafter. This indicates that excessive rotation or feeding of the cutting
tool might cause the hole to deviate from its nominal diameter. This might be difficulty of
machining aluminium alloys under dry conditions due to their high thermal expansion coef-
ficient compared to other metals. The continuous rubbing of the drill on the borehole walls
could lead to the accumulation of hot chips and the expansion of the cutting tool/workpiece
materials creating thermal distortions that influence the accuracy of the machined hole [30].
The hole oversize ranged between 0.712 to 40.32 µm. The minimum deviation in hole size
was acquired when drilling at n= 3000 rpm and f= 600 mm/min. The analysis of ANOVA
showed that the cutting parameters and their interactions had no impact on hole size and
circularity error at the entrance, which was also reported by previous research studies on
drilling Al2024-T3 alloy [63, 65, 189].
The error from the ANOVA analysis was large for hole size and circularity error, which indi-
cates that the model is not capable of detecting the contribution of the cutting parameters
and higher order models should be employed to further analyse the results which will be
carried out in future work. The circularity error at top increased with the increase of the
feed rate when drilling at n=3000, while it decreased with the increase of the feed rate at
n=1000 and 9000 rpm. At the bottom, hole circularity error increased with the increase of
the feed rate at n= 3000, 6000 rpm while it decreased with it at n= 1000 rpm. This could
be due to the vibratory displacement in the cutting tool which causes dynamic instability
which occurs more commonly at hole entry leading to larger hole circularity error at the
top than at the bottom [76]. For feed rates and spindle speeds combinations which gives
a feed rate of 0.1 mm/rev (100/1000, 300/3000, 600/6000, 900/9000), it was observed that
circularity error at both sides improved or remained unaffected with the reduction of drilling
time. Generally, the hole circularity error ranged between 6.92 to 27.26 µm at the top and
between 4.1 to 33.84 µm at the bottom.
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Figure 4.6: Average (a) hole size and (b) circularity error at top and bottom in Al2024-T3
[310]
4.2.5 Chip formation and post machining hardness analysis
Figure 4.7 shows samples of chips collected after drilling each hole under tested spindle
speeds and feed rates. The chip formation analysis here is based on the description of the
types of chip formation reported by Singal et al. [326]. It was observed that a wide range of
chip thickness and lengths were formed depending on the level of cutting parameters. The
chip thickness increased with the increase of the feed rate and decreased with the increase
of spindle speed. The chip length decreased with the increase of the feed rate and increased
with the increase of spindle speed. Short conical helical chips were formed when drilling
at n= 1000 rpm and f= 100 mm/min, also at n= 3000 rpm and f= 900 mm/min. Long
conical helical chips were formed when drilling at at n= 6000 rpm and f= 100 mm/min.
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Loose arc chips were formed when drilling at n= 1000 rpm and f= 300 mm/min, at n= 3000
rpm and f= 600 mm/min, at n= 6000 rpm and f= 600,900 mm/min, and at n= 9000 rpm
and f= 900 mm/min. Elemental chips were formed at n= 1000 rpm and f= 900 mm/min
which is a sign of excessive feeding into the workpiece. Connected arc chips were formed
when drilling at n= 6000 rpm and f= 300 mm/min, and at n= 3000 rpm and f= 100,300
mm/min. Lamellar chips were at n= 9000 rpm and f= 300, 600 mm/min and at n= 1000
rpm and f= 600 mm/min . Lamellar chips are a type of continuous chips which occur due
to repeated inhomogeneous material flow at the cutting tool-workpice interface [327]. Long
ribbon chips were formed at n= 9000 rpm and f= 100 mm/min.
Figure 4.7: Chip formation under different cutting conditions in Al2024-T3 [310]
Regardless of their type, the chips formed at n= 6000, 9000 rpm and f= 100 mm/min,
and n=9000 rpm and f= 300 mm/min were long, continuous and tended to curl around
the drill shank which required manual removal. Those chips seemed to promote built up
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edge on the cutting tools since it was found that Al2024-T3 particles adhered to the cutting
tool facets and cutting edges. The formation of built-up edges is generally undesirable
as it ends to reduce the machined surface quality and tool life [37]. The change of chip
length could be due to the increase in workpiece ductility as machining temperatures rise
with the increase of spindle speed. Figure 4.8 shows the post-machining microhardness at
the top and bottom surfaces for each drilled hole. The increase in workpiece hardness can
lead to excessive tool wear and brittleness of the workpiece material which makes it more
vulnerable to damage in applications where impact and fatigue are present. The hardness
increased at both sides after drilling the holes, the hardness ranged between 155 and 172
HV, which is 13 %-25.5 % increase from its typical hardness value of 137 HV. It was also
found that hardness increased with the increase of spindle speed and feed rate which agrees
with previous reported studies [328]. Also, the variation in microhardness of the upper
and lower surfaces of the workpiece was minor with the exception of few drilled holes which
indicates that the change in microhardness of the workpiece remained constant with depth.
Figure 4.8: Average post-machining microhardness at entrance and exit sides in
Al2024-T3 [310]
4.2.6 Hole surface inspection under optical microscopy
Figure 4.9 and Figure 4.10 show the condition of machined holes of the first drilling trial
under different cutting parameters at entry and exit sides, respectively. The visual and
optical inspection of the holes showed that the condition of hole surface was better at the
entry than at the exit side. In addition, the hole quality at both sides seemed to decrease
with the increase of the feed rate. Drilling at at n= 3000 and 6000 rpm and f= 100 mm/min
gave the best hole quality among others. At those cutting parameters the edges of the hole
were more uniform and with very little burr and discontinuities. Drilling at at high spindle
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speeds and low feed rates tended to improve the condition of the hole at the exit side due
to the reduce feed feed force/chip load.
Figure 4.9: top side of drilled holes in Al2024-T3 in Al2024-T3 [310]
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Figure 4.10: bottom side of drilled holes in Al2024-T3 in Al2024-T3 [310]
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4.2.7 Post machining cutting tool inspection
Figure 4.11 presents a comparison of the condition of one of the cutting tools after drilling
in Al2024-T3. Inspecting the tool used for Al2024-T3 drilling trials under the microscope
showed high levels of built up edge (BUE) on the cutting edges of the drill. This indicates
that interaction between the cutting tool and chip of the workpiece undergo severe friction
which caused it to weld on several regions on the cutting tool (see Figure 4.11.a). It can also
be noticed that the BUE continued to spread along the cutting edges away from the chisel
edge, adhesion was also found on the chisel edge, the flanks and the crater of the drill, the
Al2024-T3 chips melted and were deposited creating a thin layer on the cutting tool surface,
which could have an impact on the surface finish and reduce hole size accuracy. The use of
high spindle speeds and feed rates might be the cause of BUE and adhesions on the cutting
tools, thus, it is always recommended to avoid excessive feed or speeds in machining.
Figure 4.11: Built up edge and adhesion in cutting tools (a) Al2024-T3 (b) GLARE 2B
11/10 [310]
121 CHAPTER 4. PERFORMANCE EVALUATION OF CONVENTIONAL DRY DRILLING OF AL2024-T3 ALLOY
4.2.8 Scanning electron microscopy analysis
Figure 4.12 shows an image of machined borehole surface under SEM. The inspection of
the internal hole surfaces indicated that the surface quality decreased with the increase of
both cutting parameters which could be due to the increase in the cutting temperatures of
the cutting tool-workpiece interface with the increase of the spindle speed, and increased
chip/load deformations with the increase of the feed rate. Aluminium alloys have a strong
alloying tendency and chemical reactivity with materials in the cutting tools at tool operat-
ing temperatures. The cutting tool tended to leave feed marks in the shape of spiral profile
on the machined hole surface. The feed marks were observed at the upper part of some of
the holes (See Figure 4.12). The size of the feed marks increased with the increase of the
feed rate and showed a spiral path around the circumference of the hole. Higher feed rates
produced deeper and longer feed marks which resulted in a rough finish which might have
considerably influenced the accuracy and the surface finish of machined holes.
Figure 4.12: Inside hole surface condition under SEM microscopy in Al2024-T3 showing
feed marks (spiral lines) [310]
Smearing was observed in all drilled holes as shown in Figure 4.13. Smearing increased
with the increase of the spindle speed and the feed rate. This could be due to the increase
in cutting temperatures and feed force which increases the flowing and deformations in
Al2024-T3 surface during the machining process as reported earlier. No visible cracks were
found on the surface under all cutting conditions. However, drilling at a spindle speed of n=
1000 rpm and feed rates of f= 600 and 900 mm/min showed severe deformations within the
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hole walls and some chipping as shown in Figure 4.14, which indicates that those cutting
parameters are not suitable for drilling Al2024-T3 alloy. It was also observed that the feed
marks and deformations were less pronounced on the lower part of the hole (above the hole
exit) rather than the upper part (below the hole entry). This could be due to the increased
ductility and flow of the material with depth due to the increase in cutting temperatures
which improves the cutting process and give better surface finish. Some black spots were
observed on the machined surfaces as shown in Figure 4.15. The spots had various sizes
and are known as hot spot/pitting spots which developed due to heat accumulation during
machining under high cutting speeds.
Figure 4.13: Hole surface condition under SEM microscopy (n= 1000 rpm, f= 100
mm/min) in Al2024-T3 [310]
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Figure 4.14: Poor hole surface condition under SEM microscopy (n= 1000 rpm, f= 600
mm/min) in Al2024-T3 drilling trials [310]
Figure 4.15: Pitting spot in drilled hole in Al2024-T3 (n= 1000 rpm, f= 100
mm/min) [310]
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4.3 Concluding Remarks
The research on drilling of Al2024-T3 was mainly motivated by the major study in the
current research on drilling GLARE fibre metal laminates. The aim is to draw some of the
similarities and differences in their machinability since the alloy makes up the metallic part
of the laminate. The study was also motivated by the fact that in most of the earlier scientific
research, the cutting speeds used were below n= 5000 rpm and using fewer combinations of
cutting parameters. Moreover, only a handful of studies used coated 6 mm drill diameter
in their experiments which only investigated a limited number of hole quality parameters
rather than a complete study. In this chapter, an experimental investigation of drilling
aluminium Al2024-T3 alloy have been carried out to evaluate the effect of the spindle speed
and feed rate on the cutting forces and hole quality. The experiments have been carried
out under a wide spectrum of cutting parameters beyond those used in previous studies
on drilling Al202-T3 aluminium alloy. The application of full factorial design and ANOVA
have been employed to determine the impact of machining parameters on cutting forces
and the inspected hole quality parameters. The evaluation includes inspecting the surface
roughness, hole size, circularity error, entry and exit burrs, chip formations and damage in
the borehole walls at the micro level (chipping, adhesions, cracks) using scanning electron
microscopy. The following conclusions are drawn from the dry drilling trials of Al2024-T3
aluminium alloy:
• Both cutting parameters had a significant influence on the thrust force and torque.
Increasing the feed rate increased the cutting forces while increasing the spindle speed
reduced them. The spindle speed was the dominant factor on the reduction of cutting
forces (48.36 % and 50.84 %) for thrust force and torque, respectively, while their
interaction had a significant contribution of 17.8-19.5 %.
• The average surface roughness ranged from 1.1 to 3 µm (with the exception of holes
drilled at n= 1000 rpm and f= 600 and 900 mm/min). Surface roughness increased
with the increase of spindle speed and the feed rate, the influence of feed rate on surface
roughness was greater than the spindle speed evidenced by the higher percentage of
contribution.
• Burr height and burr root thickness increased with the increase of the feed rate, while
the spindle speed had a different influence depending on its level. The spindle speed
was more dominant than the feed rate on burr thickness while feed rate was more
dominant on burr height. The burr height ranged from 9.5 to 26 µm at entry and
from 35 to 55 55 µm at the exit. The burr thickness ranged from 70 to 170 µm at
125 CHAPTER 4. PERFORMANCE EVALUATION OF CONVENTIONAL DRY DRILLING OF AL2024-T3 ALLOY
entry and from 95 to 167 µm at the exit.
• All holes drilled in Al2024-T3 workpiece were oversized. The hole oversize increased
with depth and ranged from 0.7 to 40 µm. Drilling at high spindle speeds and low
feed rates can considerably influence the hole size.
• Feed rate and spindle speed had a different influence on circularity error depending on
the combination of cutting parameters used. The circularity error at top and bottom
increased with the increase of feed rate when drilling at n= 3000, 6000 rpm, while it
decreased with feed rate at n= 1000 and 9000 rpm.
• An increase in workpiece microhardness was observed in all holes which ranged from
13 % to 25.5 % from its normal hardness value of 137 HV.
• Microhardness increased with spindle speed and feed rate and the variation of hardness
between entrance and exit sides was negligible with the exception of few drilled holes.
• Various chips lengths and thickness were formed at different cutting parameters. The
formation of long chips was observed at high spindle speeds and low feed rates, such
chips are undesirable as they curl around the cutting tool and could deteriorate the
machined hole quality.





T his chapter presents an evaluation of the drilling performance of two different gradesof GLARE (2B and 3) under dry drilling conditions. The methodology of the drilling
trials was previously described in chapter 3. Drilling trials for Glare 2B will be carried out
for three different thicknesses while one thickness of GLARE 3 will be used. In Sections
5.2.1 through 5.2.11, the effects of machining parameters (spindle speed and feed rate)
on cutting forces and hole quality will be investigated. Comparisons will be carried out
in order to develop a basic understanding of the effect of fibre orientation and workpiece
thickness on the surface integrity of machined GLARE laminates. In addition, the results
are statistically analysed using analysis of variance (ANOVA) to determine the contribution
of cutting parameters on investigated hole quality parameters. Finally, the effect of cutting
parameters, fibre orientation and workpiece thickness on drilling performance of GLARE
are discussed based on the achieved results. The evaluation of drilling performance is based
on results for, average thrust force, average torque, average surface roughness, average
entry and exit burr height and burr thickness, average hole size, average circularity error
and damage described at the macro level (delamination area) and at the micro level (fibre
matrix debonding, chipping, adhesions, cracks).
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5.1 Results and discussion
5.1.1 Cutting forces analysis
Figure 5.1 shows the cutting forces profiles for a hole drilled in GLARE 2B 11/10-0.4
laminate. The variation in the magnitude of cutting forces is observed when the drill cuts
through aluminium sheets and glass fibre layers. The thrust force and torque profiles when
the drill cuts through the aluminium sheets [1-11] can be clearly distinguished from the
cutting forces profiles generated when the drill cuts through the glass fibre layers [1-10].
The magnitude of cutting forces required to drill through aluminium sheets were greater
than those required for drilling through glass fibre layers. This agrees with previously
reported studies on drilling GLARE and composite-metal stacks [68, 145, 189, 193, 194].
The dissimilar generated cutting forces magnitudes and profiles for drilling through the
aluminium sheets and glass fibre layers is due to the difference in their mechanical properties.
The young modulus of aluminium is 31 % higher than that of glass fibre (in loading direction)
and nine times higher than that of glass fibres in other directions. Also, the shear modulus
of aluminium Al2024-T3 alloy is higher than the shear modulus of glass fibre layers which
means that amount of cutting force required to cut through aluminium sheets is greater
than those required to cut through glass fibre layers.
Initially, the thrust force and torque increase steadily with depth once the cutting tool enters
into the workpiece and continues to increase until the chisel edge of the drill is in full contact
with the workpiece (see 5.1). Next, the cutting forces remain constant through the thickness
of each aluminium sheet and glass fibre layer (point 2 to 10). When the drill reaches the last
aluminium sheet and glass fibre layer, the cutting forces decrease due to reduced workpiece
resistance to the drill feed force (see point 11). Finally, when the drill cuts through the last
aluminium sheet while exiting the workpiece, the cutting forces drop down rapidly until they
reach zero (after point 11) indicating the end of the drilling process. Cyclic cutting forces
are observed when cutting through the unidirectional glass fibre laminates as shown Figure
5.2 which is an illustration of the torque profile for one of the drilled holes in GLARE 3
showing variation when the drill cuts through different layers of aluminium and glass fibre.
It was also observed that the thrust force in the first and last aluminium and glass fibre
layers were lower than the remaining ones. When the chisel edge starts to engage with the
first aluminium sheet the cutting tool is not in full contact with the workpiece and lower
cutting forces are recorded. Similar results are observed when the cutting tool exits the
workpiece from below.
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Figure 5.2: Torque profile at 3000 rpm and 300 mm/min showing the position of cutting
tool at different depths for GLARE 3 8/7-0.4 [190]
The influence of ply orientation on cutting forces
Previous studies on machining composites showed that ply orientation can influence the
dynamics of the machining process which could impact the quality of the machined part.
Machining angular layers is easier than machining unidirectional ones [126]. The effect of
fibre orientation was investigated in many studies and it is well known that the mechanical
properties of composites are dependent on the fibre orientation. The way in which the fibres
are cut can influence the cutting forces and surface roughness [114, 329]. Previous studies
showed that delamination and fibre pull out are more likely to occur at specific angles
between the cutting direction and fibre orientation [114, 330, 331]. The severity in fibre
pull-out is more likely to be higher when fibres are oriented at 90◦ or 135◦ especially at the
exit side of the drilled hole [332]. Drilling GFRP layups with fibres oriented at 0◦ or 90◦ was
found to reduce thrust force [113, 333]. The fluctuation in cutting forces primarily depends
on the fibre orientation which is highly related to the chip formation mode occurring when
cutting in the particular fibre orientation [29].
In drilling GLARE, however, there was no clear effect on the degree of cutting forces fluctu-
ations with ply orientation on cutting forces. The average and maximum thrust force and
131 CHAPTER 5. PERFORMANCE EVALUATION OF CONVENTIONAL DRY DRILLING OF GLARE
torque for the two investigated grades were almost identical. The small thickness of the
glass fibre layers in GLARE could be insufficient to cause a substantial impact on cutting
forces. Figure 5.3 shows cutting force profiles for two drilled holes in GLARE comparing
the layers oriented at 0◦/90◦ and 0◦/0◦ for GLARE 3 and 2B, respectively. The thrust force
profiles of both grades match well with each other.
Figure 5.3: Typical representation of cutting force profiles for GLARE 3 and 2B showing
the S2/FM94 layers [190]
Figure 5.4 shows a comparison of the average thrust force and torque for two grades of
GLARE (2B and 3) under different spindle speeds and feed rates. The results show that the
ply orientation did not have a significant effect on thrust force under all cutting parameters.
However, it was observed that the magnitude of torque was generally higher in GLARE 2B
than in GLARE 3 under the same cutting parameters with few exceptions. For example
torque was higher in GLARE 3 than in GLARE 2B when drilling at n= 1000 rpm and f=
600 and 900 mm/min. It was previously reported that the amplitude of thrust force and
torque are primarily dependent on fibre orientation. The thrust force significantly decreases
when drilling cross ply and quasi-isotropic laminates [29] such as the case in GLARE 3
(0◦/90◦) which could explain the slightly higher thrust force found in GLARE 2B (0◦/90◦).
The cyclic pattern in the cutting forces profiles is due to the change in the mode of chip
formation [29] as the presence of 90◦ plies in the propagation plane appears to form an
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obstacle to the propagation of delamination [334], which could explain the slight increase in
torque in GLARE 2B than GLARE 3.
Figure 5.4: Average mean (a) thrust force (b) torque for different GLARE grades
The influence of workpiece thickness on cutting forces
Figure 5.5 shows the influence of the laminate thickness in GLARE 2B on thrust force
and torque. Both cutting forces increased with the increase of workpiece thickness. The
increase in drilling depth could cause improper conditions of chip evacuation and increased
heat which would in return increase the cutting forces [130]. The change of hole depth is
more pronounced on the torque than on the thrust force due to the elastic recovery of the
cylindrical surface of the hole. The surface of the cutting tool is continuously subjected to
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normal stresses while drilling through the workpiece. The greater the surface area means
larger forces will be acting on the periphery of the drill leading to significant increase in
torque [335]. It was also observed that the time period-although very small-required to
reach maximum cutting force decreased with the increase of the workpiece thickness. The
reduction in workpiece thickness was accompanied by a substantial out of plane bending
during drilling as shown in Figure 5.6, which could indicate that bending deformations are
more likely to occur in thin laminates especially with the lack of a support plate beneath
the laminate.
Figure 5.5: Average mean (a) thrust force (b) torque for different GLARE grades and
thicknesses [190, 311]
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Figure 5.6: Thrust force profiles for different GLARE thickness of the same grade
The influence of cutting parameters on cutting forces
Figure 5.7 shows thrust force profiles of holes drilled in GLARE 2B 11/10 under different
spindle speeds and feed rates. Drilling at n= 1000 rpm , the maximum thrust force can
reach up to 700 N when drilling through aluminium sheets and up to 450 N when cutting
through glass fibre layers (see Figure 5.6). The reduction in thrust force becomes negligible
when drilling at n= 9000 and 6000 rpm (see Figure 5.6 b) which indicates excessive rotation
of the cutting tool that could cause premature wear and chatter. The difference is roughly
around 200-300 N. The difference in thrust force between aluminium and glass fibre becomes
smaller when increasing the spindle speed. It is well known that increasing the spindle speed
increases the temperatures at the cutting zone which, in return, would increase the ductility
of the aluminium sheets and softens the epoxy matrix of glass fibre layers, therefore reducing
the forces required to cut through the material. This indicates that increasing the spindle
speed could have a greater influence on aluminium sheets than that on glass fibre layers
during the drilling process. Reducing the spindle speed relative to the feed rate could
prevent the cutting tool from having enough time to cut through the material properly and
therefore, forcing the flutes to take off too much material. Forcing the cutting tool into the
material rather than cutting it properly will considerably increase the cutting forces and
deformation in the hole as it was seen when drilling at feed rates of f= 600 and 900 mm/min
and spindle speed of n= 1000 rpm. For this combination of feed rate and spindle speed,
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the drilled holes were severely damaged, the aluminium sheets were highly deformed and
pulled upwards at entry and pushed downward at the exit. Loose fibres were clearly visible
especially at the entrance and exit.
Figure 5.7: Typical representation of thrust force for GLARE 2B 11/10-0.4 (a) at 3000
rpm and various feed rates (b) at 300 mm/min and different spindle speeds
Feeding too much into the workpiece caused high chip load and the cutting tool to push
through the laminate layers without allowing sufficient time to cut through properly as
shown in Figure 5.8. It was also observed that the higher the feed rate the larger is the
deformed area in the upper and lower aluminium as shown in Figure 5.9. The white circle
around the hole is related to the light reflection from the microscope lights, which shows
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the region at which the metal sheet start to pull out from the laminate, forming a conical
frustum shape around the hole centre.
Figure 5.8: SEM image of hole quality in GLARE 2B 11/10 at f= 900 mm/min and n=
1000 rpm
Figure 5.9: Optical image of hole quality in GLARE 2B 4/3 at f= 900 mm/min, and n=
1000 rpm
The results indicate that the spindle speed and feed rate had a significant impact on the
cutting forces. Thrust force and torque increased with the increase of feed rate and decreased
with the increase of spindle speed. This is because increasing the feed rate increases the unit
cutting thickness of workpiece material and therefore increases the amount of forces required
while increasing the spindle speed reduces the uncut thickness and increases the heat at the
cutting zone, which softens the workpiece constituents and reduces their resistance to the
cutting process. This could also be due to the increase of friction between the tool and
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workpiece with the increase of the feed rate [336]. The lowest thrust force was recorded
when drilling at a spindle speed of n= 9000 rpm and a feed rate of n= 100 mm/min. The
highest thrust force and torque were recorded when drilling at 1000/600 and 1000/900 feed
rate/spindle speed combinations. ANOVA results from the full factorial analysis show that
the contribution of the feed rate on cutting forces was greater than that of the spindle speed.
The percentage contribution of each parameter obtained from ANOVA analysis was used
to illustrate the effect of cutting parameters on cutting forces for different GLARE grades
and thicknesses as shown in Table 5.1. The results show that both cutting parameters had
a significant contribution to the cutting force. The influence of the spindle speed on cutting
forces was more significant than that of the feed rate and ranged between 51-54 % while the
feed contribution ranged between 30-40 %. The interaction of both parameters seemed to
have a significant influence which ranged between 6-18.6 %.
Table 5.1: Percentage contribution results for thrust force and torque of different grades of
GLARE
Figure 5.10 shows the state of the entry and exit sides of the drilled holes from the first
drilling set of GLARE 2B 11/10-0.4. The visual and optical microscopy investigation showed
the absence of loose fibres and damage within the glass fibre layers around the wall of the
drilled holes. The only exception was when drilling at a spindle speed of n= 1000 rpm
and feed rates of f= 600 and 900 mm/min. For that combination of feed rates and spindle
speed, the drilled holes were severely damaged, the aluminium sheets were deformed and
loose fibres were clearly visible especially at the entrance and exit. This indicates that
feeding too much into the workpiece caused high chip load and the cutting tool to push
through the laminate layers without allowing sufficient time to cut through properly The
quality of the holes at the exit side were worse than at its entry.
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Figure 5.10: Images of holes of the first drilling trial for GLARE 2B 11/10-0.4 (a) entry
side (b) exit side [190]
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5.1.2 Surface roughness analysis
The surface roughness values reported in the study are a combination of the surface rough-
ness of the aluminium sheets and the glass fibre layers; it was not possible to measure the
surface roughness of the two materials individually using the 2D surface profilometer due
to their small thicknesses. It was observed that the surface roughness of the aluminium
sheets was always lower than that of the glass fibre layers as shown in Figure 5.11, which
shows a representation of surface roughness profile for one of the drilled holes in GLARE
2B 11/10-0.4. This is due to the heterogeneous nature of composite materials and the effect
of fibre orientation relative to the direction of cut [337], and to the fibrous nature of glass
fibre layers which are prone to fibre pull-out and matrix degradation during the drilling pro-
cess. In addition, voids (pockets) of complete fibre/matrix loss are common when drilling
composite/metal stacks partially caused by the evacuated aluminium chips rubbing against
the internal surfaces of the hole, as evidenced by the scratch marks on aluminium sheets
surfaces and forced chips into glass fibre layers.
Figure 5.11: Average surface roughness profile for a drilled hole in GLARE 2B [190]
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The influence of fibre orientation on surface roughness
Figure 5.12 shows a comparison of the average surface roughness for GLARE 2B 8/7 and
GLARE 3 8/7 under different spindle speeds and feed rates. The surface roughness in
GLARE 3 was generally higher than in GLARE 2B by 3.9 % and up to 64 % with the
increase of the feed rate. Results showed that the fibre orientation in GLARE can influence
the surface roughness regardless of the cutting parameters used. The direction of mea-
surement with respect to ply orientation seems to have an influence on surface roughness.
GLARE laminates with plies having different orientations (cross-ply configuration) show an
increase in surface roughness compared to laminates with plies having a unique orientation
(unidirectional plies). It can be concluded that the microstructure of the machined surface
is a function of the fibre orientation [87]. This could due to the fact that the bent fibres
-due to the cutting process- tend to retain back to their initial state after the cutting tool
edge passes them, creating fuzzy surface texture and higher surface roughness [29].
Figure 5.12: Average Surface Roughness of drilled holes in different GLARE grades and
thickness
As reported earlier in chapter 2, the contact method for measuring surface roughness of
machined composites might be affected by the size of the fibres and their orientation or
the possibility of fibre hooking to the stylus whic can cause errors during the measurement
process [337]. Therefore, using non-contact methods such as optical microscopy to measure
the surface roughness in composites is highly desirable. To further clarify the influence of
ply orientation on surface roughness, 3D surface images were taken from a section of the
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internal wall of the drilled holes for each grade. The average area surface roughness of was
generally higher when the plies are oriented in different directions such as in GLARE 3.
The 3D surface analysis also showed that there were three different cases when it comes to
the value of surface roughness in tested GLARE grades at inspected regions. The first case
which exists in GLARE 2B is when the fibres are normal relative to the stylus motion path
across the hole depth shown in Figure 5.13.a. In this case, the surface roughness showed
highest readings of surface roughness. The second case which exists in GLARE 3 is when
half of the fibre layers point towards the center of the hole and the adjacent fibre layers
are normal relative to the stylus motion path as shown in Figure 5.13.b. For this case the
surface roughness shows lower readings than in the first case but higher than in the third
case.
Figure 5.13: Cases of surface roughness values depending on the prepreg orientation in
each fibre layer [304]
The third case which also exists in GLARE 2B is when the fibres are pointing outwards
towards the centre of the drilled hole as shown in Figure 5.13.c. The measured surface
roughness, in this case, was lowest compared to the first and second case. Therefore, when
measuring the surface roughness in GLARE 2B at the stated locations described previously
in chapter 3, there will be two high readings of surface roughness and two low readings. For
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example, the average surface roughness of the last glass fibre layer in GLARE 2B 8/7 and
GLARE 3 8/7 for a hole drilled at n= 1000 rpm and f= 300 mm/min were found to be 1.867
and 1.368 µm respectively. The 3D surface images of glass fibre layers surfaces revealed that
when the work material is cut from the side as it is the case in Figure 5.12.a and partially
in Figure 5.13.b, the cutting process yields undesirable burr which mainly consists of fibres
backed up by the matrix and adjacent aluminium sheets which limits the compressive stresses
around the cutting edge from shearing or breaking the fibres [338]. Therefore, it could be
concluded that surface roughness is affected by the fibre orientation around the borehole
surface [29]. Takeyyama [338] previously reported that the roughness of the machined
surface in reference to the fibre angle showed that surface roughness increases steeply at
fibre angles greater than 60◦ due to the generation of larger compressive strains within the
work material resulting in larger surface roughness. The maximum surface roughness of
the first two and last aluminium sheets and the middle glass fibre layers between them
were measured using 3D surface roughness contour GT device. The analysis revealed that
the surface roughness is higher when the fibres are oriented at 90◦Âř and lower when the
fibres are oriented at 0◦ as shown in Figure 5.14. The results also showed that the surface
roughness of glass fibre layers is likely to increase with the decrease of workpiece thickness.
Figure 5.14: 3D surface texture condition of drilled holes in GLARE 3 at hole entry [304]
Large magnification from scanning electron microscopy images shown in Figure 5.15 in-
dicates that the machined surfaces condition at 0◦ and 90◦ were different. The machined
surface of the 0◦ fibre orientation shows that the matrix surrounding the fibres seems to have
been pulled out during the machining process, leaving behind fibres exposed. In addition,
bundles of broken fibres can be seen left on the machined surface after the cutting process,
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creating somewhat a rough surface compared to fibres oriented at 90◦. The fibres oriented
at 90◦ are pointing outwards towards the centre of the hole and remained intact with each
other during the machining process creating a smoother surface.
The results showed that both the spindle speed and feed rate had an impact on surface
roughness. The surface roughness increased with the increase of feed rate and spindle
speed. The measured roughness ranged between 1 µm up to 4.5 µm (excluding holes drilled
at n =1000 rpm and f = 600 mm/min and 900 mm/min). Additionally, it was observed
that when drilling at a feed rate/spindle speed ratios of 0.1 mm/rev, the surface roughness
increased considerably. For example, the surface roughness in GLARE 3 8/7 when drilling
at n = 9000 rpm and f = 900 mm/min was 20.2 %, 91.6 % and 176 % higher than when
drilling at 600/6000, 300/3000 and 100/1000 (mm/min/rpm) respectively, which indicates
that reducing the drilling time would be at the expense of reduced surface quality. The
analysis of surface roughness in terms of the cutting parameters leads to the conclusion
that using lower feed rates gives a better surface quality regardless of the ply orientation
and spindle speed used but higher spindle speeds might have a significant impact on the
developed machining temperatures.
Figure 5.15: Average Surface Roughness of drilled holes in different GLARE grades and
thicknesses
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The influence of workpiece thickness on surface roughness
Figure 5.16 shows the average surface roughness of different thicknesses of GLARE 2B under
various spindle speeds and feed rates. The data for GLARE 2B 4/3 for holes drilled at n =
1000 rpm and f = 600 and 900 mm/min are not provided since it was difficult to measure
the surface roughness due to severe hole deformation and fibre pull-outs. The results did not
reveal any relation between surface roughness and workpiece thickness when drilling at a
spindle speed of n = 1000 rpm. However, it was observed that the surface roughness is likely
to be slightly higher in thinner samples with the increase of feed rate. At spindle speed of n
= 3000 rpm, the surface roughness was higher in thinner laminates, while at spindle speeds
of n = 6000 and 9000 rpm, the surface roughness tended to be higher in thicker laminates.
This could be due to the increase in cutting temperatures and vibrations with depth. It was
also observed that within the same hole, the surface roughness of different aluminum sheets
and glass fibre layers was no affected by depth. In some holes it was found that the surface
roughness was slightly higher near the entry side of the hole than near the exit side, which
could be due to continuous contact between the chips and the surface of the machined hole.
A conclusion can be made that, with the experimental conditions used, a better hole surface
quality in GLARE was obtained when drilling at spindle speeds n = 3000 and 6000 rpm
and feed rates of f =100 and 300 mm/min.
Figure 5.16: Average surface roughness for different thickness of GLARE 2B samples [190]
The ANOVA results given in Table 5.2 reveal that both cutting parameters had equal effect
on surface roughness when drilling GLARE 2B, with feed rate contributing equally with
spindle speed in GLARE 2B 11/10 and 8/7, while in GLARE 2B 4/3 the spindle speed had
a significant contribution of 42.9 %, followed by feed rate with 26.97 %. The interaction of
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cutting paramaters was insignificant, however, the error contribution was large with 20.75 %,
which means that the model might have higher order interactions contributing to the surface
roughness. In GLARE 3 8/7, the spindle speed had a greater influence on surface roughness
than the feed rate. This indicates that the direction of measurement with respect to the
fibre orientation had an influence on the surface roughness and again it can be concluded
that the microstructure of the machined surface is a function of the fibre orientation [87].
GLARE laminates with different ply orientations are likely to have higher surface roughness
compared to the GLARE laminates with unidirectional ply orientation.
Table 5.2: Percentage contribution results for surface roughness of different grades of
GLARE
To conclude on surface roughness analysis and results during dry drilling of GLARE lami-
nates, the range of surface roughness under tested cutting parameters was between 1and3 µm
in GLARE 2B and between 1and4 µm in GLARE 3. As reported from the literature, there is
no available data on the acceptable surface roughness for GLARE or composite metal stack
materials recommended by the aerospace industry for machining/drilling process. However,
as mentioned in chapter 3, Sandvik [52] reported common hole quality requirements by
aerospace industry to be less than 3.2 µm in CFRP and less than 1.6 µm in Al or Ti. Table
5.3 shows the range of surface roughness values measured at the upper and lower section
of each drilled hole in all tested GLARE laminates. For GLARE 2B 11/10, GLARE 2B
8/7 the surface roughness was measured at 90◦/90◦ section of the hole, while for GLARE
2B 4/3, the surface roughness was measured at 0◦/0◦ section of the hole and therefore was
lower than the value in the other two thicknesses of GLARE 2B. The surface roughness in
aluminium sheets was around 0.5 µm on average. For glass fibre layers, the surface rough-
ness varied from 1 µm to 5.195 µm The results clearly indicate that the surface roughness
of aluminium sheets satisfy the recommended values by the aerospace industry. For glass
fibre layers, despite exceeding the recommended roughness values, it was observed that the
measured maximum surface roughness occurs only in a narrow region at the edges of the
glass fibre layer (between aluminium sheets and glass fibre layer or between glass fibre layers
with different fibre orientation). It was aslo below the recommended maximum roughness
for the remaining regions of glass fibre layer surface. This could be due to the sudden change
in surface texture height when going from aluminium surface to glass fibre layer surface or
when the fibres alternate from 0◦ to 90◦. The surface roughness values of glass fibre layers
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are generally within the range of previously reported studies of surface roughness in drilled
GFRP and CFRP/metal stacks [65, 79, 189, 339–341]
Table 5.3: Range of surface roughness for selected aluminium sheets and glass fibre layers
in drilled holes in GLARE laminates
5.1.3 Burr formation analysis
Figure 5.17 shows the average exit and entry burr height and thickness in GLARE 2B 11/10
under different spindle speeds and feed rates. The exit burr height and thickness were always
greater than at entry by up to 4-6 times in all GLARE samples. Entry burr size is small <
15 µm and the drilled holes can be considered burr free at the entrance. Figure 5.18 shows
SEM images of burr formation at entry and exit side of a hole drilled in GLARE 2B 11/10.
The edge quality at the exit was more deteriorated than at the entry side which could be
due to the absence of backup plate which is known to reduce burr formations [342, 343].
Burr height and thickness increased with the increase of feed rate and spindle speed. All the
burrs formed -with the exception of holes drilled at high feed rates and low spindle speed of
f= 600 and 900 mm/min and n= 1000 rpm- were very small and mostly uniform. Some of
the formed burrs could not be seen with the naked eye as shown in Figure 5.19. The type
of burr formed in GLARE laminates does not exhibit evidence of material that can break
away and is generally acceptable in machining operations which do not require deburring,
unless it can affect the assembly of holes in mating parts or the contact between surfaces.
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Figure 5.17: Comparison of (a) average burr height (b) burr thickness, at entrance and
exit for GLARE 2B 11/10
Figure 5.18: SEM images of (a) entrance burr and (b) exit burr in GLARE 2B 11/10-0.4
at n= 9000 rpm and f= 100 mm/min
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Figure 5.19: Exit burr formation for hole drilled at (a) n= 9000 rpm and f= 900 mm/min
(b) n= 3000 rpm and f= 300 mm/min
The influence of ply orientation on burr formations
Figure 5.20 shows the average entry and exit burr height and thickness in GLARE 2B 8/7
and GLARE 3 8/7 under different spindle speeds and feed rates. Results showed that burr
height is likely to be larger when glass fibre layers are stacked in the same direction. The
increase in entry burr height in GLARE 2B was greater than that in GLARE 3 with the
increase of the feed rate. This could be due to the fact that the energy transfer from one
composite layer to another is easier if they both have same fibre orientation such as in
GLARE 2B. As a result, the severity of the damage is greater than what it would be if
the fibres in each layer had different orientations such as in GLARE 3, which allow it to
fail at higher loads [110]. Conversely, the entry burr thickness did not show any significant
relationship with fibre orientation. The exit burr thickness was higher in GLARE 2B than
in GLARE 3. A maximum burr height of 23.09 µm and 15.64 µm were recorded at hole
entry when drilling at n = 9000 rpm and f = 600 mm/min for GLARE 2B and n = 3000
rpm and f = 900 mm/min in GLARE 3 respectively. A maximum burr height of 78.51 µm
and 65.15 µm were recorded at hole exit when drilling at n = 6000 rpm and f = 300 mm/min
for GLARE 2B and n = 3000 rpm and f = 900 mm/min in GLARE 3 respectively.
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Figure 5.20: Influence of fibre orientation on average (a) entry burr height (b) exit burr
height (c) entry burr thickness (d) exit burr thickness
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Interlayer burr was formed in the drilled holes as shown in Figure 5.21. Interlayer burr was
difficult to measure, non-uniform and randomly distributed around the edges of aluminium
sheets by protruding glass fibre layers. The interlayer burr is usually formed when the elastic
bending deformation of two different materials stacked together occurs at different degrees
due to the mismatch in physical and mechanical properties. In addition, when the cutting
tool drills through the stack, the upper part of the workpiece undergoes elastic recovery
while the lower part undergoes large elastic bending deformation due to the acting of the
feed force especially when no backup plate is used. The bending of the workpiece allows for
the formation of small gaps which provide suitable conditions for interlayer burr formation.
The formed chips can be also forced onto the glass fibre layers surfaces while the cutting
tool is cutting through or retracting from the workpiece.
Figure 5.21: SEM image showing (a) interlayer burr formations of hole in GLARE 2B 8/7
drilled at 1000 rpm and 300 mm/min (b) entry burr formations of hole in GLARE 3 8/7
drilled at 3000 rpm and 300 mm/min
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Table 5.4 shows the percentage contribution of cutting parameters on burr formations. The
spindle speed was more dominant than the feed rate for all grades and thickness, while their
interaction showed significant contribution. The spindle speed was found to have a larger
effect on burr formation at entry, while the feed rate impact was greater at exit.
Table 5.4: Percentage contribution of cutting parameters on burr formation
The influence of workpiece thickness on burr formations
Figure 5.22 shows the average entry and exit burr height and thickness in GLARE 2B under
different spindle speeds and feed rates for three thicknesses. The entry burr height increased
with the increase of the feed rate and spindle speed. The entry burr height in GLARE 2B
8/7 was greater than that in GLARE 2B 11/10 and 4/3, especially with the increase of
the feed rate and spindle speed. As previously reported by Gillespie [344], the entry burr
in drilling is formed as a result of tearing, a bending action followed by clean shearing, or
lateral extrusion when the chip is forming and impacting the cutting edges.
Burr thickness at both sides in GLARE 2B 11/10 was greater than in GLARE 2B 8/7
and 4/3 while the latter two did not show much difference in burr thickness compared to
each other. This could indicate that burr thickness becomes more critical after a certain
drilling depth has been reached. The feed rate had more influence on increasing the burr
thickness with the increase of hole depth on the entry side. The burr thickness increased
with hole depth and increased with the increase of feed rate and spindle speed. The increase
of burrs with the increase of cutting parameters could be due to the increase of plastic de-
formation under dry condition and high-temperature rise may which result in larger burrs
formation [342]. There was no clear relation between the size of burr and drilling depth.
However, it was observed that the exit burr height tended to increase with workpiece thick-
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Figure 5.22: The influence of workpiece thickness on the average (a) entry burr height (b)
exit burr height (c) entry burr thickness (d) exit burr thickness
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ness, or when increasing the spindle speed, or when decreasing the feed rate.
To conclude on burr height and thickness analysis and results during dry drilling of GLARE
laminates, as reported from the literature, there are no available data on the acceptable
burr height or thickness for GLARE, composite metal stacks or monolithic aluminium for
machining/drilling process. However, comparing the obtained data with previous studies
on drilling aluminium alloys and GLARE fibre metal laminates shows that exit burr height
could reach anything between 10 to 80 µm. Generally, the burr height obtained from all
drilling trials are within or below those obtained in previous studies on drilling GLARE and
aluminium alloys shown previously in chapter 2 [54, 63, 64, 189, 345].
Table 5.5: Range of average burr height and thickness in drilled GLARE laminates
5.1.4 Hole size analysis
Figure 5.23 shows the average hole size in GLARE 3 8/7 under different spindle speeds and
feed rates at both locations (top and bottom).
Figure 5.23: Average hole size at top and bottom for GLARE 3 8/7
The holes at the top in GLARE 3 were found to be oversized under all cutting parmaeters
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and ranged from 0.11 to 13.2 µm with the exception of the holes drilled at n= 6000 rpm and
f= 600 mm/min. The diameter of the drilled holes at the bottom in GLARE 3 was found
to be undersized for all conditions tested ranging from 30− 70 µm. At the top location,
the deviation from nominal hole size increased with the increase of the feed rate (with the
exception of holes drilled at n= 6000 rpm). While the influence of spindle speed varied
depending on the cutting parameters used. At the bottom location, the diameter of the
hole decreased with the increase of the feed rate and spindle speed which could be due
to the increase in frictional heating induced by the high spindle speeds. The glass fibre-
epoxy matrix and metal sheets in GLARE react differently to the developed temperatures
in the cutting zone. For example, in metal machining, up to 70 % of the heat generated
by the cutting, the zone is carried away by chips [29], while for glass fibre-epoxy matrix,
the low thermal conductivity means that the generated heat does not conduct quickly to
the cutting tool. The heat transfer occurs only in a thin layer at the interface between the
aluminium sheets and the prepregs throughout the laminate. The poor thermal conductivity
of the glass fibre prepregs compared to Al2024 aluminium sheets causes the prepregs to
expand. Additionally, the mismatch coefficient of thermal expansion of GLARE constituents
could result in residual stresses and changes in the hole size [29]. Indeed, undersized holes
are common when drilling laminated GFRP composites [346] due to the elastic bending
and tightening of the reinforcement fibres during machining followed by relaxation of the
lamina [347]. This was evidenced by the fact that the reduction in hole size at a bottom
location in GLARE 2B 11/10 was greater than that in GLARE 2B 8/7, which indicates
that the reduction in hole diameter increases with the increase of drilling depth.
The influence of ply orientation on hole size
Figure 5.24 shows a comparison of the influence of ply orientation on the average hole size
in GLARE 3 8/7 and GLARE 2B 8/7 under different spindle speeds and feed rates at both
locations (top and bottom). The diameter of the drilled holes at the top in GLARE 2B 8/7
was also found to be oversized for all conditions tested by up to 18.7 µm and 0.53 µm with
the exception of the holes drilled at 1000 rpm and 600 and 900 mm/min. The diameter of
the drilled holes at the bottom was found to be below the nominal hole size for all conditions
tested by 10.5 µm, while some holes were oversized at both locations. At the top location,
the diameter of the hole increased with the increase of spindle speed and decreased with the
increase of feed rate. At the bottom location, the diameter of the hole increased with the
increase of spindle speed and decreased with the increase of the feed rate.
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Figure 5.24: Comparison of hole size at (a) top and (b) bottom locations for GLARE 2B
8/7 and GLARE 3 8/7
The diameter of the hole measured at the bottom in GLARE 3 was smaller than in GLARE
2B (8/7 and 11/10) for all drilled holes which could indicate that the ply orientation influence
the hole size. The majority of holes size in GLARE 2B 8/7 were also greater than in GLARE
3 8/7. Additionally, the difference in hole size at the bottom between the two different grades
was greater at the bottom than at the top, which could indicate that the ply orientation
becomes more critical on hole size with the increase of hole depth. It is well known that
the thermal expansion coefficient in unidirectional plies varies with direction. For example,
the thermal expansion coefficient of a cross-ply in the fibre direction α1 is 6.1x10-6 1/◦C
while the thermal expansion in the transverse or out of plane direction is 26.2x10-6 1/◦C [11]
which is due to the transverse isotropy of the glass fibre epoxy [14]. The heating and cooling
in GLARE during the drilling process causes thermal expansion and shrinkage of the glass
fibre-epoxy layers and since the thermal expansion coefficients are different relative to the
fibre direction, the contraction in glass epoxy layers in cross-ply configuration tend to act in
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different directions and, therefore, the retraction to its original position will be slower than
that in unidirectional ply configuration. The 0◦ fibres expand in the longitudinal direction
while the 90◦ fibres contract in the transverse direction, which leads to geometric mismatch
and residual stresses in glass fibre layers [126]. The geometric mismatch influences the
dimensional accuracy of the drilled hole at the glass fibre and causes them to have a smaller
size than the nominal size of the drill. Another explanation could be that in the cross-ply
system, half of the plies in the stack have fibres pointing towards the hole centre while in
unidirectional ply system the fibres will be either pointing towards the centre of the hole or
perpendicular to the centre of the hole. This could adversely affect the measurement of hole
diameter as there will be more fibres protruding towards the centre of the hole in the cross-
ply system and therefore, generating a smaller hole diameter than that in a unidirectional
ply system.
The influence of workpiece thickness on hole size
Figure 5.25 shows a comparison of the influence of drilling depth on the average hole size in
GLARE 2B under different spindle speeds and feed rates at both locations (top and bottom).
The hole diameter measured at the top location was oversized with few exceptions in some
holes drilled in GLARE 2B 11/10. The hole size increased with the increase of feed rate and
spindle speed at the bottom. Oversized holes were produced in GLARE 2B 4/3 under all
cutting parameters and ranged between + 4.45 µm and + 24.7 µm and between +7.63 µm
and + 13 µm which could be due to its relatively small thickness. For GLARE 2B 11/10 and
8/7, oversized and undersized holes were produced depending on the cutting parameters.
The deviation of the hole from its nominal diameter in GLARE 2B 11/10 at the top ranged
between +12.84 µm and -7.9 µm, and between -0.255 µm and -17.8 µm at the bottom. For
GLARE 2B 8/7 the deviation of hole size at the top ranged between +17.4 µm and +5.32 µm
and between +1.32 µm and -7.63 µm at the bottom. The results clearly indicate that the
hole diameter is likely to shrink with depth which is common when drilling GFRP composites
due to the relaxation of the lamina. The hole size tolerance described previously in chapter 2
indicates that under most cutting conditions used, the hole size can be considered acceptable
with optimum spindle speeds being 3000 and 6000 rpm and optimum feed rates of 300 and
600 mm/min.
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To conclude on entry and exit hole size and circularity error analysis and results during
dry drilling of GLARE laminates, as reported previously from the literature in chapter 3
section 3.3.3, SANDVIK tool manufacturer, typical hole demands when drilling composite
metal stack materials commonly required to achieve an H7 hole tolerance fit based on the
ISO 286 standard. This means that the hole should not vary more than ±12 microns but
more relaxed tolerances such as H8 ±18 microns or H9 ±30 microns were allowed to be
used when drilling composites due to the difficulty in achieving H7 tolerances, for example,
SANDVIK recommends that drilled hole tolerance in a composite metal stack should be
between ±20 and ±40 microns [52]. The hole circularity error ranged between 6 and 35
microns in all GLARE grades and thicknesses used under dry drilling condition. Generally,
smaller circularity error is preferred and there was no specific requirement found from the
literature on the matter for comparison but previous studies showed that it could be anything
between 6 µm and as high as 312 µm. The results were similar to those reported by Zitoune
et al. [68]. Table 5.6 shows the percentage of contribution of cutting parameters on hole size
at top and bottom. The ANOVA analysis results showed somewhat large error percentage
which is mainly due to the large variation in the repeated drilling trials.
Table 5.6: Percentage of contribution of cutting parameters on hole size
5.1.5 Hole circularity error analysis
Figure 5.26 shows the average deviation from circularity in GLARE 3 at top and bottom
locations under different spindle speeds and feed rates. The deviation from circularity
increased with the increase of both the feed rate and spindle speed on both sides. The
deviation of circularity measured at the bottom was considerably greater than at the top
which indicates that it is likely to increase with drilling depth. The individual contribution
of spindle speed and feed rate were determined by means of the ANOVA analysis. Figure
5.27 shows a comparison of the average deviation from circularity in GLARE 3 and GLARE
2B 8/7 at top and bottom locations under different spindle speeds and feed rates. The
deviation from circularity at the top in GLARE 2B was greater than that in GLARE 3
when drilling at spindle speeds of n= 1000 and 3000 and less when drilling at spindle speeds
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of n= 6000 and 9000 rpm. The ply orientation and level of cutting parameters seems to
have an influence on the deviation of hole circularity. At the bottom, the hole circularity
was greater in GLARE 3 with few exceptions. The deviation in hole circularity increased
with the increase of feed rate and spindle speed, the circularity seemed to be more severe
in GLARE 3 than in GLARE 2B when drilling at high spindle speeds which could indicate
that the damage in GLARE 3 is likely to be worse at those cutting parameters.
Figure 5.26: Average hole circularity at top and bottom in GLARE 3 8/7
The influence of workpiece thickness on hole circularity
Figure 5.28 shows a comparison of the average deviation from circularity in GLARE 3 and
GLARE 2B 8/7 at top and bottom locations under different spindle speeds and feed rates.
There was not a very clear indication of the influence of workpiece thickness on circularity.
The circularity error at top decreased with the increase of drilling depth with few exceptions
when drilling at a high spindle speed of n= 9000 rpm. This could be due to the increased
bending of the workpiece during the drilling process for smaller depths. The circularity
error at the bottom increased with the increase of the workpiece thickness. The circularity
at the top in GLARE 2B 4/3 ranged between 10 µm and 19.6 µm, and between 7.84 µm
and 12.51 µm in GLARE 2B 8/7 while for GLARE 2B 11/10 it ranged between 6.56 µm
and 21.44 µm. The circularity at the bottom in GLARE 2B 4/3 ranged between 7.37 µm
and 16.85 µm, and between 11.35 µm and 24.68 µm in GLARE 2B 8/7 while for GLARE
2B 11/10 it ranged between 10.37 µm and 28.5 µm. Comparing the circularity results in
GLARE with those obtained from previous published studies on metals and composites
shows that the observed hole circularities and their discrepancies were not considered high.
Percentage of contribution extracted from ANOVA analysis is given in Table .5.7. The
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Figure 5.27: Average hole circularity at (a) top and (b) bottom
Figure 5.28: Comparison of hole circularity at (a) top and (b) bottom for different
thicknesses of GLARE 2B
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result indicate that the feed rate and the spindle speed had slightly higher impact on the
hole circularity when drilling GLARE 2B 11/10 with 18.64 % and 13.34 % for spindle speed
and feed rate respectively, while their interaction had a significant contribution of 27.02 %
and similar to hole size the error in the model was large. For GLARE 2B 8/7, the influence
of the spindle speed was more significant than the feed rate with 24.45 % and 27.92 % at top
and bottom respectively. The feed rate contribution was around 14.5 %. The interaction
between the spindle speed and the feed rate seemed to have a significant influence which
ranged between 34.08 to 41.43 % which indicates that the influence of spindle speed becomes
more significant with depth. For GLARE 3 8/7, the influence of the spindle speed on hole
size at the bottom was approximately higher with 20.73 % for the feed rate and 13.88 % for
feed rate while their interaction significantly contributed by 36.04 %. Hole circularity error
at the top showed that both cutting parameters and their linear interaction were insignificant
which could be due to the presence of quadratic terms in the model that affect the input
parameter, this is evident by the large error present in the model 66.19 %. Therefore, the
model requires further statistical analysis which will be carried out in a future study.
Table 5.7: Percentage of contribution of cutting parameters on hole circularity error
To conclude on hole size and circularity error analysis, typical hole demands when drilling
composite metal stack materials commonly requires to achieve an H7 hole tolerance fit based
on the ISO 286 standard. This means that the hole should not vary more than ∓12 microns
but more relaxed tolerances such as H8 (∓18 microns) or H9 (∓30 microns) were allowed to
be used when drilling composites due to difficulty in achieving H7 tolerances, for example,
SANDVIK recommends that drilled hole size tolerance in a composite metal stack should
be between ∓20 and ∓40 microns [52]. The hole circularity error ranged between 6 and 35
microns in all GLARE grades and thicknesses under most cutting parameters. Generally,
smaller circularity error is preferred and since there was no specific acceptable standard
for hole circularity, comparing the results with circularity results from previous literature
from chapter 2, circularity error could range anything from 6 to 312 µm. The results in the
current study were similar to those reported on machining composite metal stack materials
by Zitoune et al. [68].
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5.1.6 Chip formation analysis in GLARE
Limited chip analysis was carried out from the collected chips after GLARE drilling trials.
The chip formation analysis here is based on the description of the types of chip formation
reported by Singal et al. [326]. Drilling GLARE laminates exhibits the formation of two
different chip modes: those formed from the glass-epoxy matrix and those formed from
aluminium sheets. In machining aluminium, the ductile material flows plastically and is
pushed ahead of the cutting tool until the compression stresses are high enough to cause
plastic deformation [29] and the chips undergo further deformations while chip flows upward
exiting the workpiece along the face of the cutting tool. In machining composites, the cutting
mechanism takes place due to fracture of the matrix and fibres. The formed chip was
collected after the drilling of each hole and the analysis of the chip shows that fragmented
and powdery chips were formed from cutting through the glass fibre layers due to the brittle
fracture of the fibres-matrix in the laminate [29]. The generation of dusty chips indicates the
absence of chip formation and that the material is separated locally, directly at the cutting
edge [348]The metallic chips collected from GLARE 2B and 3 were similar at same cutting
parameters. Therefore, only chips collected from GLARE 2B are shown in Figure 5.29.
The chips formed from aluminium sheets were analysed and it was observed that the chip
thickness and length increased with the increase of the feed rate and decreased with the
increase of the spindle speed. Different chip forms and lengths (small, middle and long
chip) were observed under different cutting parameters. For example, long type helical
chips were formed when drilling at a spindle speed of n= 1000 rpm and at a feed rate of f=
100 mm/min,as shown in (1). Increasing the feed rate to f= 300 mm/min produced short
type helical chips as it can be seen from (2). Further increasing the feed rate to f= 600
and 900 mm/min as in (3 and 4) produced loose fragmented chips with glass fibre layers
attached to them which is an indication of excessive feeding. Drilling at n= 3000 rpm and
feed rates of f=100 and 300 mm/min produced long conical helical chips as shown in (5
and 6). Increasing the feed rate further to f=600 and 900 mm/min produced snarled-long
helical chips and snarled conical helical chips, respectively as shown in (7 and 8). At spindle
speed of n= 6000 rpm, long washer type helical chips were produced using feed rates of f=
100 mm/min as shown in (9) and washer type snarled helical chips at f= 300, 600 and 900
mm/min as shown in (10,11,12). Finally drilling at spindle speeds of n= 9000 rpm and feed
rates of f=100 mm/min produced snarled ribbon chips as shown in (13), while at drilling
under the feed rates of f=300,600 and 900 formed conical chips with long ribbon from one
end.
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Figure 5.29: Chip shapes produced when drilling GLARE 2B
Generally, the chips formed at low feed rates of f = 100 mm/min at various spindle speeds
were associated with a good surface finish. In addition, chips produced at feed rates of f =
100 and 300 mm/min and spindle speeds of n = 1000 and 3000 rpm were evacuated easily
from the cutting zone and did not wrap around the cutting tool. Long and continuous
stringy chips with small curling were formed at high feed rates of f = 600 and 900 and
high spindle speeds of n= 6000 and 9000 rpm. They chips tended to wrap around the
cutting tool which would turn to be unproductive for continuous an automated machining
operations where chip formation due to drilling large number of holes should not stop the
production [349]. These long and continuous chips were found to damage to the borehole
surface which clearly indicates a trade-off between spindle speeds and feed rates in order to
achieve good hole quality and efficient machining process. Drill burr caps were formed in
each hole but tended to separate after the tool exited the hole from the bottom side of the
workpiece. Several burr caps were formed in each hole, some of which were torn while others
were in full shape. This could be due to the coating of the cutting tool which significantly
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improves the shape of the formed burr and making them easier to separate from the hole
edges due to the improved contact between the drill, chips and the borehole periphery which
reduces the friction and cutting temperatures in the contact zone [307].
5.1.7 Scanning electron microscopy analysis
The status of the boreholes surface was analysed by SEM to detect any defects or damage
in the metal sheets and glass fibre layers. Initial observations showed that debris and chips
were more likely to adhere to the borehole surface when drilling at high spindle speeds of
n= 9000 rpm and feed rates of f= 100, 300 mm/min or at feed rates of f= 900 mm/min
and spindle speeds n= 1000, 3000 mm/min. It was also observed that the thickness of the
laminate influences the surface quality, this is because a larger thickness means that the
cutting tool will need more time to drill the hole which in return produces more heat. At
higher temperatures the chips and fibres adhere to the cutting tool, or could be forced to
the surface of the machined hole and its edges creating what is called waste material. The
waste material can lead to rejection of the part or require an additional process to remove it.
Indeed, it was previously reported that the laminate thickness is important for the quality of
the machined part. For example, previous studies on milling GLARE recommended that if
the thickness of the laminate does not exceed 3 mm under semi-dry conditions, feed rates up
to f= 1500 mm/min can be applied, whereas for thick laminates over 6 mm, recommended
feed rates are f= 600 mm/min or less under dry or semi-dry milling [1]. It was observed
that when drilling at high spindle speed and feed rates the subsequent removal of glass fibre
layers and aluminium sheets could sometimes leave small segments and debris which adhere
to the hole surface. The debris were more likely to adhere in thicker laminates which could
be due to the increase of cutting temperatures with depth. The poor thermal conductivity
of glass fibre layers contributes to the adherence of the debris (waste) on the inner surface
of machined holes.
In GLARE 3 (0/90 ply orientation), it was observed that the delamination type chip forma-
tion (Type I) which usually occurs in the 0◦ fibre orientation was present on the inspected
glass fibre plies. The mode I fracture occurs due to the advancement of the cutting tool into
the workpiece which causes the peeled glass fibre layers to bend like a cantilever beam [29].
The uncut fibres either bend permanently or could sometimes return to their original shape
and position after the cutting tool progress forward due to the absence of plastic deformation
as shown in Figure 5.30 a.
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Figure 5.30: (a) Delamination type chip in GLARE (b) Smooth fibres ”Cusps” formed at
0◦ fibre orientation in GLARE 2B 4/3 (c) an example of fibre buckling in drilling GLARE
2B
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The inspection of machined hole surface microstructure shows that fibres have partly im-
peded in the epoxy matrix due to the elastic recovery [29]. The fracture pattern of the
matrix suggests it was stretched in Mode I loading before fracture as discussed previously in
chapter 2 [29]. The fibres on the machined surface are fractured perpendicular to their direc-
tion due to the compression of the cutting tool edge against the surface and micro-buckling
of fibres [29]. Usually, the fibres positioned at a relative orientation of 0◦ to the cutting edge
undergoes a minimum damage [126]. The 0◦ fibres were sheared from the supporting epoxy
matrix which led to the formation of smooth fibre and socket surfaces commonly known as
’Cusps’ [29] as shown in Figure 5.30 b. A type II fibre buckling of the chip can be also seen
in Figure 5.30 c.
Fibre buckling occurs when the fibres are subjected to compressive loading along their
direction [29]. Another very common phenomenon was the irregular surface created when
the fibre ends stick out of the surface with varying lengths as shown in Figure 5.31. The
sticking out of the fibres is because cutting by fracture occurs at different points along the
fibre lengths [29]. Matrix cracking can be clearly seen in Figure 5.32 in GLARE 2B 4/3
at high feed rates equal or above f= 300 mm/min. This due to the small thickness of the
laminate which is unable to resist the feed force acting during drilling.
Figure 5.31: Delamination type chip in GLARE
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Figure 5.32: Fracture extending through the glass fibre layers in GLARE 2B 4/3 at n=
1000 rpm, f= 300 mm/min
Smearing was present when drilling at high spindle speed and feed rates, the high cutting
parameters caused intense adhesion of the cutting tool coating and smearing of the softer
composite matrix and aluminium on the surface of the machined hole. The smearing of the
work material was more present near the exit edge of the hole which could be due to the
rise of cutting temperatures with depth as shown in Figure 5.33.a . SEM images of common
glass fibre chips are shown in Figure 5.33.b which were taken before cleaning the samples
in an acetone bath shows that drilling glass fibre layers produce powdery bent chips.
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Figure 5.33: (a) SEM image of the machined surface resulting from drilling GLARE 3 8/7
showing fibres partly embedded in the epoxy matrix and cracks across the fibres at 9000
rpm and 300 mm/min (b) Fracture extending through the glass fibre layers in dry GLARE
2B 11/10 at n= 9000 rpm, f= 600 mm/min
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5.1.8 Delamination analysis
SEM revealed that the region between fibre interlayers tended to separate exclusively either
at the fourth or the last glass fibre layer which indicates that it is a possible location for
internal delamination. The separation occurred when drilling at spindle speeds of n= 9000
rpm and feed rates of f= 900 mm/min in GLARE 3, also at a spindle speed of n= 1000 rpm
and feed rates of f= 600 and f= 900 mm/min in GLARE 3 and GLARE 2B 8/7 as shown
in Figure 5.34.
Figure 5.34: Delamination in glass fibre layer in (a) GLARE 3 8/7 at n= 9000 rpm, f= 900
mm/min (b) GLARE 2B 8/7 at =1000 rpm, f= 600 mm/min
The separation in GLARE 3 was more severe than in GLARE 2B. The delamination in the
last glass fibre layer is due to push-out delamination due to the action of the feed forces
which pushes away the laminate directly under the drill especially as it approaches the end
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of the workpiece. The uncut thickness becomes smaller and the resistance to deformation
decreases when at some point the loading exerted by the feed force exceeds the interlaminar
bond strength, leading to what is known as push-out delamination [93].
The delamination in the middle of GLARE 3 laminates is due to the continuous shear
and compressive action of the cutting tool while cutting through GLARE which creates
three-dimensional interlaminar stresses in glass fibre layers that could lead to internal de-
lamination between adjacent plies. The rotational and axial motion of the cutting edge of
the drill towards the bottom of the workpiece tends to pull the abraded material away along
the flute by introducing peeling forces acting upwards against the downward thrust force.
The material spirals up before it is machined completely causing the upper laminas from
the uncut portion to separate from the lower laminas being pushed by the thrust force [93].
Moreover, it is well known that the fibre layers undergo severe plastic deformations during
the drilling process which directly influence the strains. The strains in the fibre direction
are much larger than in the traverse direction which means that for cross ply configuration
laminates such as GLARE 3, it is more likely for delamination to take place due to dis-
similar fibre directions. This means that the two prepregs in GLARE 3 residing between
two aluminium sheets will produce different strains in each direction depending on fibre ori-
entation and therefore, increasing the potential for delamination. Indeed, as evident from
literature, when drilling composites the quality of drilled hole depend on more on fibre than
the matrix [109].
A critical factor that affects the damage tolerance in composites is the fibre direction.
Generally, the energy can be easily passed from one composite layer to the other if they
both have same fibre orientation and as a result, the severity of damage is greater than
what would be if the fibres in each layer had different orientations, since this will have a
transfer of energy between layers and allow it to fail at a higher load. Therefore, from a
crack resistance point of view, a [0/90/0/90] stacking sequence is preferred over [0/0/90/90]
or [0/90/90/0] [110]. However, from a separation resistance point of view, the interlaminar
interface between laminates with different ply orientations (i.e. cross-ply configuration) are
mechanically weak and therefore, local separation of the laminate from one another is a
common form of damage in such configurations [111]. This can be explained by the fact
during the drilling process, the feed force is always perpendicular to the fibre direction in
the laminate. The feed force exerts bending stresses on the aluminium sheets and glass fibre
layers. Some of the uncut material around the hole does not undergo plastic deformation
and is only limited to plastic deformation. The bending of the GLARE laminate causes yield
stresses which in return results in small amount of energy storage prior plastic deformation
starts [350]. The amount of stored energy is inversely proportional to the elastic modulus of
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the laminate (i.e the elastic modulus of the aluminium sheets and glass fibres). Therefore, in
cross ply configuration laminates, the energy stored will be different in each fibre direction
which increases the potential for spring back which results in delamination. It was also
observed that in drilling process of GLARE laminates, the delamination always grew in
fibre direction.
As previously discussed in chapter 3, the visual inspection of delamination in GLARE is not
possible since glass fibre layers are surrounded by aluminium sheets from both sides. Visual
inspection using optical microscopy turned to be cumbersome due to limited contrast and
magnification to resolve the defects. Besides, the aluminium sheets are highly reflective since
their surface is polished after drilling which reduces the applicability of optical microscopy.
In addition, the destructive analysis of internal damage on the drilled surface by chemical
erosion of metallic sheets might create more damage and would over/underestimate the
true damage around the hole edge. For these reasons, the computerised tomography (CT)-
scanning analysis was adopted to examine the damage in glass fibre layers of holes drilled in
GLARE laminates. The methodology of delamination assessment was previously described
in chapter 3. The different characteristics of metals and composites in GLARE can affect
the machining performance and result in a compromise. For example, the CT scan images
revealed that some of the glass fibre plies were eroded in the GLARE stack by metallic
chips. This phenomenon is known as composite erosion which is caused by the evacuation
of metallic chips during drilling as shown in Figure 5.35.
The maximum depth of erosion was found to be around 150 µm and tended to increase
with the increase of the feed rate due to the increase in chip thickness. In addition, the
erosion seemed to be more likely to occur in all glass fibre layers when drilling thinner
laminates which could be due to an increase in downward bending of the workpiece making
the glass fibre layers more exposed to the cutting tool and evacuated chips. Inspecting glass
fibre layers in each hole for surface delamination showed that it was minor and therefore
it was not reported in the current research. The layered structure of GLARE with glass
fibre layers located between two metallic sheets can be compared to a composite workpiece
stacked between two metallic plates. Tsao and Abrato previously reported that the use of a
backup plate can significantly reduce the delamination by providing support and minimising
deformations [351, 352]. Peel up and push-out delamination was minor in glass fibre layers.
Only minor damage was observed which could be due to the act of interlayer burrs and
evacuated chips eroding the inner surface of the hole. This was also observed in the work
of Zitoune and Shyha when drilling composite metal stacks [65, 68]. The absence of surface
delamination could be also attributed to the cutting tool high hardness (45 GPa) and heat
resistance (up to 1200 ◦C) of the coating material used in the drill bits.
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Figure 5.35: Schematic representation of erosion of glass fibre layers in GLARE by
metallic chips
In GLARE, there are two different types of interfaces: the interface between aluminium
sheets and the epoxy, and the interface between the fibres and the epoxy. Both interfaces
contribute to load transfer in the laminate [1]. The bond between aluminium and epoxy
and between the fibre-epoxy interfaces can be degraded by the rise of temperatures in the
laminate. This is evidenced by the erosion observed on the hole boundaries as shown in 5.39.
Surface pitting is common when drilling composites which could be attributed to the fibre
breakouts when the cutting direction is 45◦ to the fibre direction [353]. This can be usually
avoided by using cutting tools with high axial rake angles (27◦) at the outer diameter, or
by using feed rates of less than half a ply thickness per tool revolution [353]. The softening
of the fibre-matrix during the drilling process reduces its ability to transfer the local strain
disruptions to the fibres and provide them with sufficient stability against the cutting action
of the twist drill [126]. As a result, fibres fracture and debonding can be seen on the edge of
the hole when the feed force exceeds the ultimate strength of the fibre causing them to fail
under compression, tension or shearing mode depending on the fibre orientation relative to
the cutting edge of the drill [126]. The erosion can be seen to happen at ± 45◦ with respect
to 0◦ fibre orientation as shown in Figure 5.36.c which could be due to the compressive and
bending loads of the drill bit acting on fibres in that region eroding them by pushing them
down with respect to the transverse plane.
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Figure 5.36: Erosion of glass fibre layers in in (a) GLARE 2B 11/10 at n=3000 rpm and
f=300 mm/min (b) GLARE 2B 4/3 at n=9000 rpm and f=300 mm/min (c) GLARE 3 8/7
at n=3000 rpm and f=300 mm/min
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Delamination factor Fa
As mentioned earlier in the chapter, the size of surface delamination around the hole edges
and its variation with cutting parameters was negligible in all inspected holes. Glare grades
and thicknesses (less than 1 %). For example, when the feed rate was increased from f=
300 mm/min to f= 900 mm/min at a constant spindle speed of 9000 rpm in GLARE 2B
4/3 - the delamination factor increased only by 0.05 %, while increasing the spindle speed
from f= 3000 rpm to f= 900 rpm at a constant feed rate of f= 300 mm/min, showed that
the delamination factor increased by 0.11 %. It is envisaged that this effect is caused by the
presence of aluminium sheets in GLARE laminate which act as a backup structure for glass
fibre layers locally preventing their out-of-plane bending and resulting in inferior normal
forces.
Inspecting every glass fibre layers in each of the scanned drilled holes showed that delam-
ination around the drilled hole was small and increased with depth. In fact, some of the
inspected layers were damage-free which could be attributed to the alternating structure of
GLARE. The aluminium sheets act as a backup structure and help to reduce the risk of
entry and exit delamination [354]. Results showing the evaluation of surface delamination
damage in the last glass fibre layer in terms of delamination factor (Fa) in GLARE 2B 4/3
are presented in Figure 5.37.
Figure 5.37: Delamination factor (Fa) in GLARE 2B 4/3-0.4 under different cutting
parameters taken at the centre of each fibre layer [311]
Another reason for minimal delamination in GLARE laminates could be due to its stacking
nature of having glass fibre layer stacked between two aluminium sheets. When drilling
composites, the accumulated cutting heat during the drilling process softens the fibre-epoxy
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and affects its interlaminar fracture strength which is directly related to delamination. In
addition, the poor thermal conductivity of most composites -including glass fibre used in
GLARE- and the rise in cutting temperatures can affect the strength of the workpiece
allowing the push-out delamination to occur at lower levels of critical thrust force. However
in GLARE, the adjacent aluminium sheets in contact with glass fibre layers from both sides
contribute to partial heat removal during the drilling process due to their high thermal
conductivity and dissipate heat with the cutting tool and the surrounding in a faster rate
than glass fibre layers do and therefore, contribute to a reduction of delamination damage
in GLARE.
It is worth to mention that despite using CT scan for analysing the internal damage -if
any- within the glass fibre layers, the technique itself is limited by the maximum damage
resolution it can detect. As mentioned previously in chapter 3, the internal damage which
could be detected using CT scan was limited to 15 microns, which means that any damage
-if it exists- smaller than 15 microns cannot be detected. Applying higher resolutions during
CT scan means that a fewer number of samples could be scanned each time in a single run.
In addition, the time required to complete the scanning process would increase considerably
and the file size of the scanned sample/s would be so large that it would require a powerful
PC with a high-end CPU and large random access memory (RAM) to open and visualises
the samples in the software. Therefore, only a few samples were scanned from each test
which was enough to reach a conclusion on the effect of cutting parameters on drilling-
induced damage. An ideal situation would be scanning all samples and their repetitions
to guarantee best results and minimise any variation in collected data. The alternative
was using scanning electron microscopy by cross-sectioning the samples from their centre.
However, this method cannot detect the internal damage within glass fibre layers due to
the stacking nature of GLARE laminates, and it would only allow the visualisation of
borehole surface for any defects and damage. The cross-sectioning and SEM inspection of
the samples is more practical due to shorter process time and ease of handling which allows
for inspecting a larger number of samples compared to CT scanning technique. However,
the cross sectioning process of GLARE samples for SEM inspection might have caused some
form of additional damage, but this could be avoided by taking proper care and handling of
the samples during the cross sectioning process. Due to very limited surface delamination
observed in other grades and thickness of GLARE laminates, the results of delamination
factor were not calculated further.
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5.1.9 Drilling temperatures analysis
The thermal conductivity of S2/FM94 adhesive epoxy system is 1.1-1.4 W/m.K (1.45
W/m.K for S2 glass fibres) while that of Al2024-T3 alloy is 121 W/m.K [6, 8] and that of
solid carbide drills is around 110 W/m.K, which means that glass fibre prepregs in GLARE
are poor conductors of heat. During the drilling process, the heat accumulates in glass
fibre layers and is then conducted to the adjacent aluminium sheets and to the cutting
tool. The rise of temperature in glass fibre prepregs can influence the physical properties
of the epoxy system, such that the increase in cutting temperatures can soften the epoxy
matrix and induce greater instability in the fibres due to micro-buckling [126]. Previous
studies on drilling temperature showed that it could range between 90 ◦C and 580 ◦C de-
pending on the cutting parameters used and the thermal conductivity of the composite
material [116, 199, 355, 356, 356, 357]. The temperature of the twist drill used for drilling
GFRPs was reported to reach up to 168 ◦C at the cutting edges under dry conditions [358],
which indicates that the drilling temperatures could exceed the softening temperature of the
epoxy such as that used in GLARE which has been reported by CYTEC to have a service
temperature (glass transition temperature Tg) of 103 ◦C in dry conditions [1]. The rise in
cutting temperatures weakens the epoxy and affects the bond interface between the glass
fibre and the matrix, which plays a significant role in the transfer of stresses to glass fibre
layers during the drilling process.
Figure 5.38 shows the temperature readings of two holes drilled in GLARE 2B 11/10, Figure
5.38.a shows the temperature profiles for the last aluminium sheets just before being removed
from the workpiece, while Figure 5.38.b shows the maximum temperature profiles of a burr
cap separating from the workpiece. The temperature contour profile of the hole in each
figure shows that different regions of temperature forms uniformly around the hole periphery
during the drilling process. It was found that the temperature decreases when moving away
from the hole centre (see Figure 5.38.a) the centre of the hole and up to its edges showed the
highest temperature readings with maximum temperature recorded to be around 192.3 ◦C
in this case, and with an average reading of 176.1 ◦C up to the hole vicinity. Figure 5.38.b
shows an aluminium burr cap prior separating from the bottom surface of the hole which
gives an estimation of the temperature of the evacuated chips during the drilling process
indicating that it can also reach high temperature levels similar to those observed on the
machined hole surface.
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Figure 5.38: Maximum temperature readings when drilling GLARE 2B 11/10 at (a) 6000
rpm and 300 mm/min (b) 9000 rpm and 900 mm/min [321]
The heat generated during the drilling process also contributes to the rapid deterioration
of the compressive strength of the fibres. The hole surfaces undergo softening of the matrix
material which causes smearing over the hole boundaries due to the heat generated during
drilling. Therefore, some thermal work was carried out to determine the maximum drilling
temperature around the edges of the hole when the tool exits the workpiece using IR camera.
AS evident from Figure 5.39 Results showed that the drilling temperature increased with
the increase of the feed rate. For example, when increasing the feed rate from f= 300
mm/min to 600 mm/min at a constant spindle speed of n= 3000 rpm in GLARE 2B 8/7,
the drilling temperatures increased from 163.2 ◦C to 185.6 ◦C. Increasing the feed rate
to f= 900 mm/min increased the drilling temperatures slightly further reaching 188.1 ◦C,
which could be due to the increase in chip thickness and friction with increasing feed rate.
As feed increases the chip is thicker and larger thickness-to-surface area of the chip is cut
per revolution which means there is less opportunity for the heat to be dissipated, hence
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temperature increases. The finding disagrees with previous studies on drilling monolithic
aluminium alloy, CFRP/Al7075-T651 and CFRP/Al6061-T6 stacks [164, 359, 360] which
observed that the cutting tool temperature decreased with an increase in feed rate for the
same spindle speed and drilling depth values. However, in another study on drilling titanium
alloys, increasing the feed rate increased the drilling temperatures for the same spindle speed
and drilling depth [361].
Figure 5.39: Maximum drilling temperature and the influence of fibre orientation in
GLARE [321]
The rise in temperature with feed rate increase may also be accounted for in burr forma-
tion. As temperature and thrust force increase, the bottom aluminium sheet experiences
increased ductility which increases the size of formed burrs. The results also showed that
the maximum drilling temperatures in GLARE 3 8/7 were lower than in GLARE 2B 8/7
which indicates that the fibre orientation in GLARE can influence the machining temper-
atures. For example, when drilling at f= 900 mm/min feed rate and n= 3000 rpm spindle
speed, the maximum drilling temperature reached 188.1 ◦C in GLARE 2B 8/7 and 179.9
◦C in GLARE 3. The variation in thermal conductivity exhibited by the matrix due to dif-
ferent fibre orientation affect the temperature rise during the drilling process. The results
agree with findings of Ghafarizadeh et al. [116] who previously reported that the fibre ori-
entation has significant effects on the cutting forces and cutting temperature when milling
unidirectional CFRPs such that the maximum and minimum values are obtained at fibre
orientations of 90◦ and 0◦, respectively. The difference in drilling temperatures did not
exceed 10 ◦C for the tested cutting parameters which could be due to the small thickness
of the glass fibre layers in GLARE. As shown previously in cutting forces results, there was
no significant difference in thrust force between GLARE 2B and GLARE 3 arising from
the difference in fibre orientation for the same thickness. However, it was observed that the
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torque in GLARE 2B was higher than in GLARE 3 at same tested cutting parameters (refer
to Figure 5.4) which could have been due to higher friction between the cutting tool and
the workpiece causing a greater temperature rise in GLARE 2B. In addition, the relatively
small thickness of glass fibre layers might not be enough to promote a significant temper-
ature rise due to change in fibre orientation. The observed temperature values are within
the range obtained from previous studies on drilling aluminium alloys such as Al2024-T3,
Al6061-T6 and Al7075-T6, which showed that maximum temperatures ranged between 131
◦C and 360 ◦C when drilling monolithic aluminium and up to 199 ◦C in composite metal
stacks [164, 356, 359–362].
The influence of elevated machining temperatures on the deformation and delamination in
GLARE laminates can be directly related to the residual stresses which take place in the
laminate. The residual stresses is directly related to the thermal expansion coefficients of
the constituent materials. The rise in workpiece temperature during machining softens the
adhesive reducing the maximum allowed shear stresses -including those which occur in the
interfaces at the hole edge through its thickness- which are directly related to the internal
stresses described earlier. The reduction in maximum shear stresses causes delamination to
occur earlier due to the reduction in bond strength between the glass fibre prepregs and
between the aluminium sheets and fibre layers. The higher the rise in workpiece temperature
during machining the more likely to cause a dramatic loss of delamination resistance in the
laminate.
5.1.10 Post machining cutting tool condition
The cutting tools were inspected using optical microscopes after the end of each drilling
trial. Limited tool wear was observed on the cutting tools, as shown in Figure 5.40. Some
adhesions from aluminium sheets were observed on the primary and secondary facets in each
of the cutting tools used, the concentration was at the centre of drill on the chisel edge,
which might take place when drilling at spindle speeds of n= 1000 rpm and feed rates of f=
600 and f= 900 mm/min. Minor built up edge was found on the outer part of the cutting
lips which could occur when drilling at feed rates of f= 100 mm/min and spindle speeds of
n= 3000, 6000 and n= 9000 rpm. Generally, the cutting tools did not show any signs of
severe wear or damage after drilling 16 holes under different spindle speeds and feed rates.
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Figure 5.40: Cutting tools used in drilling trials for GLARE laminates (a) Before drilling
(b) After drilling in GLARE 2B 8/7 (c)After drilling in GLARE 2B 11/10 and GLARE
3 [190]
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5.1.11 The influence of input machining parameters on response outputs
using response surface methodology
In this section, the application of response surface methodology and central composite design
were implemented to analyse the influence of significant cutting parameters on cutting forces,
surface roughness burr height, burr thickness, hole size and circularity error when drilling
GLARE 2B 11/10. The percentage contribution analysis of thrust force and torque shows
that the quadratic terms of controllable input factors were significant with spindle speed
contribution ranging from 9 % to 12.46 %, and from 1.29 % to 4.73 % for feed rate. The
coefficient of determination R2 indicates how much of the variation is justified by the input
factors and their interactions. The R2 values for thrust force and torque were 97.68 % and
96.91 % respectively which indicates adequate models. For surface roughness, burr heights
and thickness the adequacy of the model drops as R2 ranged around 69 % which means that
31 % of the variation is unaccounted for in the model due to the large error of about 30 %
in each of the responses. The quadratic terms of surface roughness were insignificant with
less than 0.5 % contribution. For burr height and thickness, a minor contribution can be
seen from quadratic terms ranging from 2.37 % to 14.38 %. The case is similar for hole size
and circularity error since R2 is below 50 % with large errors up to 70 %. The quadratic
terms contribution on hole size at both sides were minor with around 1 %, and from 1 %
to 9.4 % in circularity error. Generally, a large error in the model indicates the need for a
transformation or addition of extra terms that could improve the quality of the model and
the predicted responses which are not investigated in this research. The larger percentage
error in hole size and circularity is due to the large variation in the replicates data under
same cutting parameters.
Confirmation tests shown in Table 5.8 indicate that the thrust force can be accurately
predicted with an error of less than 7 %. For example, when drilling at n= 9000 rpm
spindle speed and 450 mm/min feed rate, the average experimental thrust force was found
to be 163 N while the predicted thrust force from the regression model gave an estimate
of 153.4 N, which means that the model can accurately predict the thrust force. Similarly,
the regression models were able to predict torque and surface roughness accurately with
minor errors of 2.47 % and up to 13.38 %. The burr height, burr thickness and hole size
regression models showed somewhat inaccuracies in predicting experimental measurements.
The accuracy of predicting the circularity error using the regression models was very poor
and therefore should not be used for future predictions. Ideally the error should be minimal
and therefore in this case, requires further research. However, the majority of the error
could be due to noise, defects in GLARE samples, human error and vibrations during
the measurement process. Such drivers might not be completely eliminated and are not
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discussed any further in the analysis model.
Table 5.8: Confirmation tests to validate the regression model
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Figure 5.41 and Figure 5.42 shows contour plots for measured responses of RSM study of
GLARE 2B 11/10. Since only two input parameters were analysed, it was easier to determine
the most suitable cutting parameters which reduce the response outputs to an optimum level.
In Figure 5.42 it can be seen that increasing the spindle speed and decreasing the feed rate is
recommended for reducing the cutting forces. However, to achieve lower surface roughness
values, drilling at lower spindle speeds and feed rates is desired. Therefore, depending on
what response needs to be controlled or minimised, the contour plot charts can give a good
indication of the levels of cutting parameters to choose or to avoid. Figure 5.42 shows that
Figure 5.41: Contour plots for GLARE 2B 11/10 (a) Thrust force (b) Torque (c) Surface
roughness
the models are all highly non-linear with the exception of entry burr height. They all show
that a preferred cutting zone (sweet spot) for machining GLARE 2B would correspond to
spindle speeds of roughly between n= 3000 rpm and no more than n= 6000 rpm, and feed
rates between f= 200 mm/min and up to n= 600 mm/min.
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Figure 5.42: Contour plots for GLARE 2B 11/10 (a) Entry burr height in 13 µm (b) Exit
burr height in µm(c) Entry burr thickness in mm (d) Exit burr thickness in mm (e) Top
hole size in mm (f) Bottom hole size in mm (g) Top circularity error in µm(h) Bottom
circularity error in µm
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(Note) It was not possible to create contour plots for full factorial designs used in GLARE
2B 8/7, GLARE 3 8/7 and GLARE 2B 4/3. The use of normal contour plots without
referring to DOE design showed similar trends for those reported previously in Figure 5.41
and Figure 5.42 for the other tested grade and thickness. However, this method does not
use the models from the DOE to predict the process output so it could only give rough idea
on the effect of input parameters on the responses.
5.2 Concluding Remarks
As discussed in Chapter 2, several conventional machining processes such milling and drilling
were used to machine metals, composites and composite metal stacks in order to comply
with the aerospace industry requirement for tolerances and dimensional accuracy. Despite
the reported literature and knowledge in machining of all those materials, there has been a
little work reported on machining fibre metal laminates such as GLARE due to its limited
applications in the aerospace sector. Only few studies reported experimental results on
limited aspects of GLARE drilling indices. The previous work on drilling GLARE has been
approached only by few researchers which looked into the results of machining quality and
performance of thin GLARE laminates such as GLARE 3, 5 and 6. The literature review
on the machining of fibre metal laminates indicates that a full machinability investigation
of drilling GLARE using design of experiment techniques has not been reported. Moreover,
the machinability of thick laminates for wing parts have not been yet investigated since the
thickness of GLARE samples tested in all previous studies were less than 2 mm. The current
study aims to fill the gap in this part of machining GLARE by exploring the machinability of
GLARE 2B fibre metal laminates using various thicknesses of up to 7.15 mm. Moreover, the
drilling of GLARE 3 fibre metal laminates was also carried out to evaluate the effect of fibre
orientation on hole quality and cutting forces in comparison with GLARE 2B of the same
thickness. Apart from that, the quality of machined borehole surface in terms of surface
roughness and drilling-induced damage in glass fibre layers and aluminium sheets were not
disclosed in previous studies. This is due to complexity in inspecting those indices which
require state of the art scanning techniques. Therefore, the main objective is to determine
the impact of cutting parameters on some of the primary machinability indices using full
factorial designs and response surface methodology statistical methods. The experiments
were carefully designed by investigating two experimental factors (spindle speed and feed
rate) consisting of several levels to cover a wide range of cutting parameters.
In this chapter, an experimental investigation of drilling GLARE (grades 2B and 3) has been
carried out to evaluate the effect of the spindle speed and feed rate on the cutting forces
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and hole quality. The application of full factorial and RSM for modelling the influence of
machining parameters on cutting forces and hole quality has also been investigated. Math-
ematical models were developed from the response surface methodology based on central
composite design statistical technique and tested through analysis of variance ANOVA to
determine the contribution of cutting parameters on investigated hole quality parameters
for GLARE 2B 11/10-0.4. The following conclusions are drawn from the dry drilling trials
of GLARE. The evaluation includes inspecting the surface roughness, hole size, circularity
error, entry and exit burrs, chip formations and damage described at the macro level (delam-
ination area) using computerised tomography CT scan, and at the micro level (fibre matrix
debonding, chipping, adhesions, cracks) using scanning electron microscopy. Conclusions
from section 5.1
• Both spindle speed and feed rate had a significant impact on the cutting forces, where
increasing the feed rate increased the cutting forces and increasing the spindle speed
reduced the cutting forces when drilling at constant feed rates. The influence of
fibre orientation on thrust force was not significant. However, it was observed that
the torque was generally higher in GLARE 2B than GLARE 3 under similar cutting
parameters, and it increased with the increase of the feed rate by up to 12 % when
drilling at a spindle speed of n =3000 rpm and feed rate of f= 900 mm/min.
• GLARE grades with a cross-ply configuration such as GLARE 3 produced holes with
relatively higher surface roughness compared to unidirectional ones such as GLARE
2B. The hole depth did not seem to have an impact on the surface roughness when
drilling the same grade of GLARE. However, it was observed that the surface roughness
was slightly higher in thinner samples with the increase of feed rate. Within the
experimental conditions used a better hole surface quality in GLARE was obtained
when drilling at spindle speeds n= 3000 and 6000 rpm and feed rates of f= 100 and
300 mm/min.
• From the ANOVA analysis, the contribution of spindle speed and feed rate on surface
roughness was equal in unidirectional GLARE 2B 11/10 and 8/7, while the contribu-
tion of spindle speed in GLARE 2B and 3 was more significant than the feed rate.
Increasing spindle speed and feed rate increased surface roughness. Within the exper-
imental conditions presented in this chapter, n= 3000 rpm spindle speed and f= 100,
300 and possibly up to 600 mm/min feed rates are recommended for a better surface
finish.
• The minimum cutting forces were achieved when drilling at the spindle speed of n=
9000 rpm and feed rate of f= 100 mm/min. The minimum surface roughness was
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achieved when drilling at spindle speed n= 1000 rpm and feed rate of f= 100 mm/min.
However, this is generally considered low for practical applications in aerospace and
automotive components (in terms of productivity rate).
• The damage around the hole entrance and exit side increased with the increase of both
cutting parameters; good hole quality was achieved when drilling at low feed rates
between 100, 300 mm/min and spindle speeds of n =3000 and 6000 rpm. Keeping the
feed rate at those levels is recommended to reduce damage at the edges of the holes.
• The variation of hole size between top and bottom locations was greater in GLARE 3
than in GLARE 2B. Undersized holes are produced when drilling GLARE fibre metal
laminates and the hole size drilled in GLARE laminates is likely to shrink with depth.
A reduction in hole size at exit can be seen with increasing the spindle speed and
decreasing the feed rate. Moreover, circularity error in GLARE 3 was greater than
in GLARE 2B at the bottom location. Circularity error increased with workpiece
thickness and the increase in the feed rate.
• Different feed rates and spindle speeds produced different burr heights, thickness and
chips formations. Burr formation cannot be eliminated completely, but rather min-
imised by proper selection of cutting parameters. Results show that smallest burrs
occur when feed rate is minimum. Exit burrs were much larger than at entry burrs
and within the tested range of feed rates and spindle speeds. The best surface quality
was achieved at a feed rate of 100 mm/min and various spindle speeds, this cutting
condition gave low burr formation, circularity and close to nominal hole size.
• Overall, it is observed that the dimensional variations in hole increased with the in-
crease of spindle speed. The mismatch in thermal expansion coefficients in the fibres
longitudinal and transverse directions, and between the fibres and epoxy matrix could
cause residual stresses and variation in hole size and its circularity error.
• The damage in borehole surface is related to the workpiece thickness and fibre orien-
tation. Interlaminar failure during drilling is more likely to occur in GLARE 3 than in
GLARE 2B because laminates with cross-ply configuration are mechanically weaker
than unidirectional ones which mean that the influence of the feed rate is greater in
GLARE 3 than on GLARE 2B. Analysis of borehole surface shows the presence of
microcracks, fibre pull out, fibre-epoxy matrix shearing and interlayer burr formation
in limited regions at ± 45◦ with respect to the 0◦ fibre orientation.
• Various chip shapes and sizes were formed at different cutting speeds and feeds, chip
thickness increased with feed rate and decreased with spindle speed.
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• Composite central design statistical techniques can be employed to establish math-
ematical models which can predict cutting forces, surface roughness and to a lesser
extent burr formations in GLARE. Predicting the hole size and circularity error using
the developed models was not possible and further analysis is required to improve the
quality and accuracy of the models. ANOVA clearly shows that the spindle speed and
the feed rate are both dominant parameters in drilling GLARE and aluminium alloys,
and both contribute to reducing the cutting forces and improving surface quality.
• The recommended drilling process parameters are feed rate in the range of 100 and
300 mm/min and spindle speed in the range of 1000 and 6000 rpm, which results in
minimum cutting forces, improved surface finish and dimensional hole accuracy. Best
hole quality can be achieved when drilling n = 3000 rpm and f= 300 mm/min.
• Microscopic analysis of the drill bit showed signs of built up edge in the form of
adhesions of aluminium material formed on the its flank face.
Chapter 6
PERFORMANCE EVALUATION
OF MQL AND CRYOGENIC
COOLING IN CONVENTIONAL
DRILLING OF GLARE
T his chapter will present an evaluation of drilling performance of GLARE when machinedwith minimum quantity lubrication and cryogenic cooling technologies. In Section 6.1,
the drilling performance of GLARE when machined under MQL will be discussed. The
performance is evaluated based on the effect of varying the cutting parameters (spindle
speed and feed rate), coolant flow rate and air pressure in order to develop the basic under-
standing of the effect of semi-dry cooling during conventional drilling of GLARE fibre metal
laminates. The evaluated parameters are the same to those reported previously for the
dry drilling process in chapter 5. The evaluation includes the assessment of cutting forces
and hole quality parameters. In addition, the hardness of the upper and lower surfaces of
aluminium sheets will be investigated. In Section 6.2, the drilling performance of GLARE
when machined with a liquid nitrogen (LN2) cooling system will be evaluated and discussed
similarly to section 6.1. The analysis in this chapter also includes examining the drilled holes
using optical, CT and SEM analysis methods to inspect the morphological characteristics
of drilled holes under each cooling condition.
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6.1 Evaluation of Drilling Performance of GLARE under Min-
imum Quantity Lubrication
6.1.1 Results and discussion
This section will evaluate the drilling performance of a GLARE 2B 11/10 laminate cut from
the same large panel used in dry drilling trials reported in the previous chapter. The drilling
process involves the application of minimum quantity lubrication cooling technology. The
evaluation of drilling performance is based on results for cutting forces (thrust force and
torque), average surface roughness, entry and exit burr formations (burr height and burr
thickness), upper and lower hole size and circularity error. In addition, scanning techniques
are employed to study the delamination and internal damage throughout the laminate layers.
The methodology of the drilling trials and evaluation of the drilling performance in this
section were previously described in chapter 3.
Analysis of cutting forces
Figure 6.1 shows the average thrust force and torque under different cutting parameters at
various flow rates and air pressures. For ease of observation, holes drilled using the same
spindle speed and feed rate but different flow rates and air pressure share the same bar
colour. Results indicate that flow rate and air pressure had a negligible effect on the cutting
forces. Increasing flow rate from 20 mL/hr to 60 mL/hr and air pressure from 1 to 3 bars
when drilling at 3000 rpm and 300 mm/min reduced thrust force by 2.35 %, which could
be attributed to the improved lubrication and penetration with depth which allows for the
formation of a thin boundary film between the tool and the workpiece interface. In some
cases increasing air pressure and flow from 20 mL/hr to 60 mL/hr and air pressure from 1 to
3 bars when drilling at n= 3000 rpm and f= 900 mm/min increased thrust by approximately
1.3 %, which could be attributed to reduced penetration ability of the MQL lubricant at
the tool-workpiece interface with increasing the feed rate. Mendes et al. [363] previously
reported that drilling Al-1050 alloy using high flow rates of cutting fluid in MQL might
increase the feed force and power consumption. This indicates that using higher coolant
flow rates can sometimes be unnecessary [221].
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In addition, excessive lubrication can sometimes wet the glass fibre dust making it stick
on the borehole surface rather than allowing the tool flutes to drive it out and causing an
increase in cutting forces [364]. There was no evidence for a lack of fit in the thrust force
results as it can be seen from Table 6.1 which shows the percentage contribution of input
parameters and their linear interactions on the output parameters. The values were calcu-
lated from the full factorial ANOVA analysis using MINITAB 16 statistical software.The
regression model seems adequate to describe the thrust force data. In addition, the p-value
of the curvature is extremely high, which suggests that there is no evidence of curvature.
Table 6.1: Percentage of contribution of input parameters on outputs from factorial
ANOVA analysis
The results show that feed rate was the major contributor to thrust force with 52 %. Thrust
force increased with the increase of feed rate due to the increase in chip load and decreased
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with the increase of spindle speed. The contribution of spindle speed on thrust force was
approximately 40 %. Neither coolant flow rate nor air pressure showed significant effects
on cutting forces, including their linear interactions. With respect to torque, the influence
of spindle speed was more pronounced at 54 %, while the contribution of the feed rate
was 37 %. The linear interaction of spindle speed and feed rate had a minimal effect on
cutting forces with 7.31 % and 6.68 % on thrust force and torque respectively. There was
a minor evidence for a lack of fit in the torque (see Table 6.1) but generally, the regression
model seems adequate to describe the torque data. In addition, the p-value of the curvature
less than 0.05 indicates a significant curvature in the model, which means that the use of
quadratic terms might need to be introduced in the regression model (possible non-linearity
in the model).
Figure 6.2 shows the interaction plots for data means of thrust force which better show the
effect of each of the input parameters on the variation of thrust force. As it can be seen
changing the flow rate and air pressure does not have any impact on thrust force. Similar
results were observed for torque as shown in Figure 6.1 .b. The use of amounts of flow rates
proved to be ineffective as it tended to increase torque. However, it was observed that using
high-pressures of 3 bars helped evacuate the chips from the cutting zone and reduced the
chance of chips to curl around the cutting tool shaft. A low coolant flow rate and high air
pressure are recommended for better results of cutting forces. The thrust force and torque
increased with the increase of the feed rate and decreased with the increase of the spindle
speed.
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Figure 6.2: Interaction plots for data means of thrust force
Analysis of surface roughness
Figure 6.3 shows a comparison of the average surface roughness in MQL trials, according
to different flow rates and air pressures for the tested cutting parameters. The average
surface roughness values ranged between 1.17 to 2.56 µm. Results show that the variation
in the feed rate, spindle speed, flow rate and air pressure all had an influence on surface
roughness. At low feed rates of f= 300 mm/min, increasing the flow rate and air pressure
from 20 mL/hr and 1 bar to 60 mL/hr and 3 bars increased the surface roughness up to
19 %. Increasing the flow rate from 20 mL/hr to 60 mL/hr leads to an increase of 10 %
and 2 % in Ra at n= 3000 and 9000 rpm, respectively. Increasing air pressure from 1 bar
to 3 bars increased the surface roughness by 17.7 % and 6 % at n= 30000 and 9000 rpm,
respectively. It can be concluded that increasing the flow rate and air pressure should be
accompanied by an increase in the spindle speed to avoid excessive cooling which could, in
turn, increase surface roughness. Indeed, Nandi et al. [300] reported that increasing flow
rate can sometimes increase the surface roughness when machining aluminium alloy AA1050
at high cutting speeds.
This was also observed for high feed rates of f= 900 mm/min and low spindle speeds of
n= 3000 rpm. For these cutting parameters, air pressure seemed to help reduce the surface
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Figure 6.3: Average Surface roughness in MQL drilling trials
roughness, while increasing the coolant flow rate increased it. On the contrary, using higher
flow rates and air pressures at high feed rate of f= 900 mm/min and high spindle speed of n=
9000 rpm had a negligible impact on surface roughness. The increase in surface roughness
was greater when increasing the spindle speed at a low feed rate of 300 mm/min, while
increasing spindle speed at high feed rates of f= 900 mm/min had little impact on surface
roughness. Additionally, drilling at feed rate/spindle speed ratios of 0.1 mm/rev (300/3000,
600/6000, 900/9000) regardless of flow rate and air pressure, and increasing the feed rate
three times from f= 300 to 900 mm/min, increased the surface roughness from 26 % to
43 %, which means that increasing the productivity would be at the expense of increased
surface roughness.
From the percentage of contribution analysis and interaction plot for data mean values of
the fractional factorial analysis (see Table 6.1), the results show that the spindle was the
major contributor to the surface with 44. 68 %. The contribution of the feed rate was 4.64
% while the coolant flow rate and air pressure showed minor contributions of 0.92 % and
1.43 % respectively. The linear interaction between the spindle speed and the feed rate had
a significant contribution of 33.81 %, which indicates that their effect on surface roughness
varies depending on the value of the other predictor variable. The linear interaction of the
feed rate with air pressure had a minor contribution of 4.69 %. The lower the feed rate
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the more likely the air pressure has sufficient time to blow away the evacuated chips exiting
from the drill flutes, which reduces the chances of chips clogging and therefore reduces their
heat flow impact on both the workpiece and the cutting tool. The linear interaction between
spindle speed, flow rate and air pressure had a minor contribution of 1.45 %. Increasing
the air pressure improves the coolant penetration which can reach more depth at the drill-
workpiece interface, therefore improving the lubrication and reducing surface roughness.
The model data show that there is a sign of curvature in the ANOVA analysis which could
be a sign of the presence of higher order interactions (i.e. square terms). In addition, there
was no sign of a lack of fit in the surface roughness results (see Table 6.1).
Analysis of burr formations
Figure 6.4 shows the average entry and exit burr height under different cutting conditions
using MQL. The exit burrs were always greater than the entry burrs. The maximum burr
height on both sides was measured at n= 9000 rpm, f= 900 mm/min, (3 bar and 20 mL/hr
at the entrance, 1 bar and 20 mL/hr at the exit) and the minimum burr height on both
sides was measured at n= 3000 rpm, f= 300 mm/min, (3 bar and 60 mL/hr at the entrance
and 1 bar and 20 mL/hr at the exit). The maximum burr root thickness at the entrance
and the exit was measured at n= 9000 rpm, f= 900 mm/min, (1 bar and 20 mL/hr). The
minimum burr root thickness at the exit was measured at n= 9000 rpm, f= 600 mm/min,
1 bar and 60 mL/hr, and at n= 3000 rpm, f= 300 mm/min, 3 bar and 20 mL/hr at the
entrance. Both burr parameters increased with the increase of spindle speed and feed rate.
The influence of the feed rate was most dominant on burr height at both sides ranging
between 65 % and 75 %. The spindle speed contribution was around 5 % which indicates
that burr height is primarily a function of feed rate. The air pressure and coolant flow rate
had a minor effect on the burr height with flow rate having 0.35 % and 0.71 %, air pressure
having 1.08 % and 2.98 % on entry and exit burr heights, respectively. The interaction of
the spindle speed with the feed rate and the interaction of coolant flow rate with air pressure
had minor contributions of 0.47 % and 0.75 % respectively. While the interaction of spindle
speed with the coolant flow rate, the interaction of spindle speed and air pressure and the
interaction of feed rate with coolant flow rate had minor contributions of 0.98 %, 1.99 %
and 2.21 % on exit burr height, respectively. On the other hand, the interaction of the feed
rate and air pressure had a significant contribution on exit burr height (18.55 %).















































CHAPTER 6. PERFORMANCE EVALUATION OF MQL AND CRYOGENIC COOLING IN CONVENTIONAL DRILLING OF
GLARE
It is well known that the burr formation and its size is highly affected by the ductility of
the workpiece material, such that the more ductile the material the larger are the formed
burrs [324]. The air pressure contributes to heat and chip removal from the cutting zone
which reduces the rise of the workpiece ductility with the increase of cutting temperatures.
The entry burr height analysis indicated that a curvature existed unlike for exit burr height.
Interlayer burrs were formed on the upper side of aluminium sheets in some specific locations
as shown in Figure 6.5.
Figure 6.5: SEM image showing (a) burr formation for hole drilled at 9000 rpm, 900
mm/min, 60 mL/hr and 1 bar (b) interlayer burrs for hole drilled at 9000 rpm, 900
mm/min, 20 mL/hr and 1 bar
The formed burrs were not uniform and of a small size. They were most likely to fill in the
small pockets in glass fibre layers which have been eroded during drilling. The interlayer
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burrs increased with the increase of the feed rate and spindle speed due to the increase
in workpiece ductility, and the increase of the feed force which increase the bending of
GLARE constituents creating larger gaps for burrs to fill in. The feed rate was the primary
contributing parameter on burr root thickness on both sides (39-56 %), followed by the flow
rate (15.62 %) on the entrance burr root thickness. The spindle speed and air pressure had a
minor contribution on entrance burr root thickness of around 3.88 % and 1.88 % respectively.
The interaction of the feed rate and air pressure had a significant contribution on entrance
burr root thickness 26.83 % and to a lesser extent the interaction of the spindle speed and
the feed rate with the flow rate of 1.83 % and 2.55 % respectively. The air pressure had
8.51 % contribution on the exit burr root thickness while the interaction of spindle speed
with air pressure and flow rate had a 7.99 % contribution. The interaction of spindle speed
with feed rate and air pressure had a 3.48 % contribution and the two interactions were less
significant with contributions below 3.7 %. These results indicate that burr root thickness
is also a function of feed rate while the effect of spindle speed is not prominent for burr
formation compared to the feed rate. The analysis indicates that a curvature exists with a
minor lack of fit for burr thickness at entry and exit.
Analysis of hole size and circularity error
Figure 6.6 shows the holes size under different cutting conditions at top and bottom loca-
tions. Oversized holes were produced at the top whereas undersized holes were produced at
the bottom indicating the hole size shrinks with depth. Hole size deviation ranged between
+13.5 µm and - 20.456 µm. The minimum hole deviation was achieved when drilling at n=
3000 rpm, f= 300 mm/min, 60 mL/hr and 1 bar. The deviation of hole size increased with
spindle speed. ANOVA results show that the spindle speed was most dominant at 5.8 % on
hole size at the top while all other parameters did not show any significance of contribution
since the P-value is greater than alpha= 0.05, which indicates that the model does not fit
the data. Increasing the coolant flow rate reduced the deviation of hole diameter from its
nominal size at the top location and increased it at the bottom. Increasing air pressure
reduced the deviation of hole diameter from its nominal size at the top but had no influence
on the bottom. According to ANOVA results (see Table 6.1), there is no significant contri-
bution from the feed rate, coolant flow rate and air pressure at the top or the bottom. Only
the interaction of the feed rate with the coolant flow rate and air pressure had a significant
influence of 8.8 % at the bottom. The ANOVA analysis of hole size at the top and the
bottom showed a large sign of curvature but no lack of fit.
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The ANOVA analysis models for hole circularity error at the top and the bottom showed
no sign of curvature but the lack of fit was evident at the top. The hole circularity error
measured at the bottom was greater than the top. This indicates that the hole circularity
error is likely to increase with depth. The hole circularity error did not exceed 14 µm at
the top and 33 µm at the bottom. ANOVA results show that none of the four parameters
nor their interactions had any contribution on hole circularity error the top and bottom. It
was also observed that the residual error was large for hole size and circularity error at both
locations which could indicate a problem in the regression model. Minitab analysis showed
that the lack-of-fit test for the replicates of the collected data had a considerable random
variation which can cause differences between the observed response values.
Post-machining microhardness near the hole edge of the upper and lower alu-
minium sheets
Figure 6.7 shows the average post-machining Vickers microhardness of the upper and lower
aluminium sheets near the hole edge.
Figure 6.7: Average post-machining microhardness under different cutting conditions in
MQL drilling trials
The results show that the increase in microhardness from its standard value of 137 on
Vickers scale in the last aluminium sheet was higher than in the upper one, which indicates
that the microhardness is likely to increase with depth. However, the change is negligible.
Increasing the spindle speed increased the hardness while increasing the feed rate decreased
it. There was no indication of the influence of the coolant flow rate and air pressure on the
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microhardness but it was observed that the higher the flow rate and air pressure the lower
the hardness at the top due to enhanced cooling from the direct contact of the coolant and
air with the upper aluminium sheet. Generally, the post-machining microhardness was 2 %
to 6.5 % higher than its standard value of 137 HV.
Scanning electron microscopy SEM of holes drilled using MQL
In addition to delamination damage inspection in glass fibre layers of drilled holes using
CT scan, the internal damage at the borehole walls in the form of material chipping, uncut
fibres, smearing and internal delamination was observed for MQL similarly to dry drilling
tests. These types of surface damage are typical forms of damage common when drilling
composite-metal stacks which indicate the quality of the drilling process with the variation
of cutting parameters as shown in Figure 6.8.
Figure 6.8: SEM images of hole surface quality drilled at 9000 rpm, 300 mm/min, 60
mL/hr and 1 bars
The status of the borehole surface was analysed using SEM to detect any defects or damage
in the metal sheets and glass fibre layers. Images showed that debris and chips were more
likely to adhere to the borehole surface when drilling at spindle speeds of n= 9000 rpm and
feed rates f= 300 mm/min regardless of the coolant flow rate and air pressure used (see
Figure 6.9.a). It was also observed that minimum waste and debris adhered to the borehole
surface when drilling at n= 3000, 6000 rpm and f= 300, 600 mm/min (see Figure 6.9.b).
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Figure 6.9: SEM images of hole surface quality drilled at (a) n= 9000 rpm, f= 300
mm/min, 60 mL/hr and 3 bars (b) n= 3000 rpm, f= 300 mm/min, 60 mL/hr and 1 bar
Using higher levels of coolant flow rate and air pressure (i.e. 60 mL/hr and 3 bars) seemed
to reduce the waste and debris adhesion on the aluminium sheets surface. This could be
due to the excessive lubrication of the cutting tool giving it smoother rubbing against the
hole walls while increased air pressure levels helped evacuate the chips and debris therefore,
reducing their tendency to adhere to the surface. The cutting mechanisms and damages
in holes drilled using MQL were similar to those observed under dry drilling conditions.
Interlayer burrs were formed at several locations around the upper and lower edges of the
metal sheets. Metal chipping occurred randomly and seemed to be more present when
drilling at feed rates of f= 900 mm/min and spindle speeds of n= 3000 rpm regardless of
the applied coolant flow rate and air pressure. Similar to the observation made from dry
drilling trials, the SEM images revealed that some of the glass fibre plies were eroded in the
GLARE stack by the evacuated metallic chips as shown in Figure 6.10 and Figure 6.11.
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Figure 6.10: SEM image of hole surface quality drilled at 3000 rpm, 300 mm/min, 60
mL/hr and 1 bar
Figure 6.11: SEM image of hole surface quality drilled at 3000 rpm, 900 mm/min, 20
mL/hr and 1 bar
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Delamination analysis of hole drilled using MQL
Figure 6.12 shows CT scan images of the last glass fibre layers in a hole drilled using MQL. It
is observed that the surface delamination was absent and only minor chipping exists around
the hole edges. The calculated delamination factor in the last glass fibre layer for each hole
indicates that the delamination as a result of the drilling process is less likely to occur. As
explained previously, it is suggested that the stacking nature of GLARE which puts glass
fibre layers between two aluminium sheets provides a form of support and resistance from
cutting forces during drilling, which reduces the potential for delamination.
Figure 6.12: CT scan images of last glass fibre layer in hole drilled at (a) n= 9000 rpm, f=
900 mm/min, 60 mL/hr and 3 bar (b) at n= 3000 rpm, f= 300 mm/min, 20 mL/hr and 1
bar
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The presence of a backup metal plate beneath or above a composites workpiece during
drilling have been previously reported to reduce delamination damage due to peeling up
and push-out forces [254, 352]. This would also explain the tendency of GLARE to allow
larger feed rates without delamination damage. Another suggestion for the minor presence
of delamination is that the air and coolants used contribute to removing part of the ac-
cumulated heat during the drilling process and therefore, lessens the impact of a rise in
temperature on delamination damage. Therefore, it can be concluded that no significant
delamination damage could be observed in any of the inspected glass fibre layers under all
cutting conditions when using MQL. In addition, minor chipping and erosion were found
on all inspected holes at approximately ±45ˆ◦ with respect to 0◦ fibre orientation similar
to dry drilling results.
Hole quality inspection under optical microscopy using MQL
Figure 6.13 and Figure 6.14 show the entry and exit hole state when drilling GLARE 2B
11/10 using MQL.
Figure 6.13: Optical microscopy images hole exit under MQL at Entrance
Under the investigated cutting parameters, no visible damage was observed on the hole
edge and through its thickness. No signs of spalling, fibre fraying, fuzzing or edge chipping
fracture were found in all inspected holes. The hole quality at the entry side was in better
condition than at the exit side especially in terms of burr formation and edge shape. The
presence of aluminium sheets which essentially function as backup/support material to glass
fibre layers stacked in between was thought to minimise their susceptibility to drilling-
induced damage. In addition, it was observed that the hole edges at the exit side suffered
from coating loss of the bond primer which gives aluminium sheets the yellowish colour.
6.1. EVALUATION OF DRILLING PERFORMANCE OF GLARE UNDER MINIMUM QUANTITY LUBRICATION 208
Figure 6.14: Optical microscopy images hole exit under MQL at Exit
The loss was observed when drilling at feed rates of f= 300 mm/min and was absent from
hole drilled under feed rates of n= 900 mm/min.
Response surface methodology evaluation using MQL
As stated previously in chapter 3, RSM was carried out after conducting a full factorial
analysis for GLARE 2B 11/10 under dry and MQL conditions. RSM approach is helpful
in determining the relationship between input machining parameters with responses from
the machining inputs in order to assess the impact of their higher order interactions. The
following section will discuss the RSM method used for MQL drilling trials, the generated
regression models, the percentage contribution of input parameters from ANOVA tables
to test the models ability in predicting new cutting parameters within the tested range of
parameters. Table 6.2 shows the percentage contribution of input parameters on outputs
from ANOVA analysis in RSM and the regression coefficients of the nonlinear models.
The percentages indicates that linear and square interactions of cutting parameters were
most significant on thrust force, torque and surface roughness. Whereas linear and square
interactions of the coolant flow rate and air pressure were not significant. Similarly, the
linear and square interactions of the spindle speed with the feed rate are most significant on
burr height. In addition, the remaining linear interactions between input parameters had
some level of significance but to a lesser extent. Burr thickness was dominated by the feed
rate on both sides followed by the coolant flow rate at entry side. Spindle speed had a small
influence on hole size at top and bottom, feed rate impacted the circularity error at the exit
while neither coolant flow rate and air pressure had any impact on hole size or circularity
error.
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Table 6.2: Percentage of contribution of input parameters on outputs from RSM ANOVA
analysis
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Table 6.3 shows the coefficients A0 to A4 of input parameters which represent the response
(Y). The coefficients include a constant A0, linear terms (A1, A2, A3, A4, quadratic terms
(A5, A6, A7, A8, and the coefficients of interaction terms between inputs (A9, A10, A11, A12,
A13, A14). The general equation can be written according to the four input parameters used
in MQL study in uncoded form as shown below:
Yresponse = A0 +A1X1 +A2X2 +A3X3 +A4X4 +A5X21 +A6X22
+A7X23 +A8X24 +A9X1X2 +A10X1X3 +A11X1X4
+A12X2X3 +A13X2X4 +A14X3X4 (6.1)
The linear mathematical relationships between the output responses (i.e. cutting forces,
surface roughness, burrs and hole size) and input parameters were acquired using the ex-
perimental data results shown in Table 6.3 which was obtained based on C.C.D discussed
previously in chapter 3. The coefficients of regression analysis are given in Table 6.3. To
validate the accuracy of the regression models, additional holes were drilled using new cut-
ting parameters and the experimental values of the responses were compared with the values
obtained from the regression model as shown in Table 6.4.
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Additional holes were drilled under new cutting parameters to validate the adequacy of the
regression models. The first hole was drilled at a spindle speed of n= 6000 rpm, a feed rate
off= 300 mm/min, and a flow rate of 20 mL/hr with the air pressure at 1 bar. The second
hole was drilled at a spindle speed of n= 9000 rpm, a feed rate of f= 600 mm/min, flow rate
of 60 mL/hr and air pressure of 1 bar. The experimental results of cutting forces and hole
quality parameters are compared with the predicted ones using the regression equations as
shown below in Table 6.4. The experimental results showed good agreement with predicted
results using the regression models. Models for thrust force, torque and surface roughness,
hole size at top and circularity error at the top were able to predict the values accurately,
while other mathematical models such as for hole size at bottom seemed to be unable to
predict the values accurately as indicated by large errors. This was partially due to the
large deviation in values of the replicates used in the model which generated a high residual
error. Some other models such as entry burr thickness circularity error at the bottom showed
acceptable results depending on the cutting parameters used.
Table 6.4: Confirmation test to validate the regression model
In comparison with regression models obtained from the full factorial analysis, RSM models
showed somewhat better ability to predict the responses despite having higher residual error
and lower Rˆ2 values. The RSM models were also able to show the non-linear relationships
which exist between the input cutting parameters, which was not possible using full factorial
design.
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6.2 Evaluation of Drilling Performance of GLARE under cryo-
genic liquid nitrogen cooling
6.2.1 Results and discussion
Analysis of cutting forces
Figure 6.15 shows the average thrust force and torque when using liquid nitrogen coolant
under different spindle speeds and feed rates. The results show that both cutting forces
increased with the increase of the feed rate due to increase in chip loading, and decreased
with the increase of spindle speed similar to dry and MQL tests. The lowest thrust force and
torque were recorded at f= 300 mm/min and n= 9000 rpm and highest at f= 900 mm/min
and n= 3000 rpm respectively.
Figure 6.15: The average (a) Thrust force (b) torque in cryogenic drilling trials
ANOVA results in Table 6.5 show that the effect of the feed rate on thrust force was more
significant (50.48 %) than the spindle speed (43.59 %) while the spindle speed had a more
significant effect on torque (55.94 %) than the feed rate (39.42 %). The linear interaction
of both cutting parameters reduced both cutting forces but had a slight influence on them
(1.66 % and 4.31 % on thrust force and torque respectively).
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Table 6.5: Percentage contribution of input parameters on observed outputs using ANOVA
Analysis of the average surface roughness
Figure 6.16 shows the average surface roughness under different cutting parameters using
liquid nitrogen coolant.
Figure 6.16: Average surface roughness in cryogenic drilling trials
The results show that the surface roughness increased with the increase of the feed rate
and spindle speed. The surface roughness ranged from 1.438 to 2.037 µm. The influence of
the feed rate was more significant than the spindle speed. It was also observed that using
cryogenic liquid nitrogen was more efficient in reducing the surface roughness when drilling
at high spindle speeds. Higher temperatures are expected to develop when drilling with
these cutting parameters. The application of liquid nitrogen assists in cooling the workpiece
and the cutting tool, which is reflected by reducing surface roughness. The ANOVA analysis
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(see Table 6.5) shows that the feed rate had a significant contribution (55.94 %) which was
twice that of the spindle speed (21.34 %), while their interaction was insignificant, The error
in the model was significantly large (25.62 %) which indicates that the model requires the
use of non-linear analysis or higher order interactions.
Analysis of burr formation in cryogenic drilling trials
Figure 6.17 shows the average entry and exit burr height and burr root thickness under
different cutting parameters using liquid nitrogen coolant.
Figure 6.17: The average (a) burr height (b) burr root thickness at entry and exit in
cryogenic drilling trials
Similarly to dry and MQL trials, the exit burrs were greater than entry burrs. The entry
burr height and root thickness increased with the increase of the feed rate at f= 300 mm/min
and decreased with it at f= 600 mm/min. Exit burr height increased with the increase of
the feed rate at all cutting conditions and decreased with the increase of spindle speeds at
f= 300 mm/min and increased with it at f= 600 mm/min. The entry burr height ranged
between 10.5 to 26.3 µm and between 28.78 to 54 µm at exit. The exit burr root the thickness
increased with the increase of the feed rate at n= 3000 and 6000 rpm. It also increased with
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the increase of spindle speed at f= 300 mm/min and decreased with it at f= 600 mm/min.
The entry burr root thickness ranged between 0.01 to 0.11 mm and between 0.11 to 0.17
mm at exit.
The ANOVA statistical analysis provided in Table 6.5 shows that the interaction between
the feed rate and spindle speed -at 62.88 %- had the highest percentage contribution on
the entry burr height while the spindle speed and feed rate had the contribution of 22.43 %
and 12.51 % respectively. For exit burr height and entry burr thickness, only the feed rate
seemed to contribute with 53.27 % and 22.99 % respectively. The interaction of the feed rate
and spindle speed was a significant contribution to exit burr thickness with 25.5 % while the
feed rate had a contribution of 34.86 %. Similarly to surface roughness ANOVA analysis,
the error in the entry burr height, entry and exit burr thickness models was significantly
large (30-40 %) which indicates that the model requires the use of non-linear analysis or
higher order interactions.
Analysis of hole size and circularity error
Figure 6.18 shows the average hole size and circularity at top and bottom locations under
different cutting parameters using liquid nitrogen coolant. Results indicate that the hole
size is likely to shrink with depth as the hole size at the bottom was smaller than that
measured at the top. The hole size at the top increased with the increase of the feed rate
and spindle speed. At the bottom, the hole size decreased with the increase of the feed
rate and increased with the increase of the spindle speed. ANOVA results indicate that
the influence of the spindle speed was greater than the feed rate at both locations. The
contribution of the spindle speed ranged from 37.19-45.22 % while the influence of feed rate
was insignificant at the entrance and exit. The interaction of the feed rate and the spindle
speed was insignificant for hole size and circularity at both locations. The deviation of
the hole size between top and bottom locations was very small. All holes produced were
oversized which could indicate that using liquid nitrogen can prevent hole shrinkage below
the nominal size.
The hole size deviation at the top ranged from 15.8 to 24.7 µm and between 7 to 22.6 µm at
the bottom, the largest increase in hole size at the top was when drilling at n= 9000 rpm and
f= 900 mm/min and lowest when drilling at =3000 rpm and f= 300. In addition, the largest
increase in hole size at bottom occurred when drilling at n= 9000 rpm and f= 600 mm/min
and the lowest when drilling at =3000 rpm and f= 900 mm/min. The hole circularity at
the top and the bottom decreased with the increase of the feed rate and increased with the
increase of the spindle speed when drilling at n= 3000 and 6000 rpm, and yet it increased
thereafter at both locations. ANOVA results indicated that both cutting parameters and
their interaction had minor contributions on hole circularity at entrance.
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Figure 6.18: The average (a) hole size (b) hole circularity error at entry and exit in
cryogenic drilling trials
Only the feed rate had a significant contribution of 25.6 % at the bottom location. Hole
circularity at the bottom was higher than at the top which indicates that circularity is likely
to increase with drilling depth. Hole circularity error at the top ranged from 4.3 to 8.3 µm
and between 8.3 to 21 µm at the bottom. The largest increase in circularity error at the top
was when drilling at n= 3000 rpm and f= 300 mm/min and lowest when drilling at =6000
rpm and f= 600. In addition, the largest increase in circularity error at bottom occurred
when drilling at n= 3000 rpm and f= 900 mm/min and the lowest when drilling at =6000
rpm and f= 600 mm/min.
Post-machining microhardness near the hole edge of the upper and lower alu-
minium sheets
Figure 6.19 shows the post machining microhardness measured near the hole edges in the
upper and lower aluminium sheets under cryogenic drilling trials. Results show that the
hardness increased considerably from its typical value of 137 HV and ranged between 146
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(6.5 %) and 152 (11 %). The hardness increased with the increase of the feed rate at
entrance. This could be due to the rapid increase in cutting temperatures with an increase
in feed rate countered by the rapid cooling from liquid nitrogen which increases the hardness
of the surface. Generally, the hardness at entrance tended to decrease with the increase of
spindle speed at feed rates of f= 300 and 600 mm/min. As spindle speed increases, there is
less time for the heat generated to be dissipated, hence temperature increases and less strain
hardening takes place despite the continuous cooling by liquid nitrogen. There was no clear
relationship between cutting parameters and hardness at exit. The hardness decreased when
increasing the feed rate from f= 300 mm/min to 900 mm/min at n= 6000 rpm spindle speed,
while it increased with the feed rate increase when drilling at n= 9000 rpm. In machining,
the increase in part hardness results in an increase in yield strength of the material and
therefore, higher cutting forces are required to machine it.
Figure 6.19: Post-machining microhardness at entry and exit in cryogenic drilling trials
Scanning electron microscopy SEM of holes drilled under cryogenic cooling
The status of the boreholes surface was analysed by SEM to detect any defects or damage
in the metal sheets and glass fibre layers similar to dry and MQL trials. Images showed that
debris and chips were less likely to adhere to the borehole surface under cryogenic cooling
regardless of the cutting conditions used as shown in Figure 6.20. It was also observed
that limited waste adhered to the borehole surface under all cutting speeds and feeds, which
could be related to the cryogenic liquid nitrogen ability to dissipate heat from the machining
zone up to a level that prevents adhesion of chips and epoxy to the inner surface. Similar
to dry and MQL tests, SEM images showed that similar forms of damage occurred on
machined surfaces under cryogenic drilling. Smearing, interlayer burrs and metal chipping
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were observed on aluminium sheets while some regions of glass fibre layers were stressed
into the laminate as shown in Figure 6.20e. A thin layer of spattered material is deposited
from the melt and debris produced during the drilling process which cannot escape through
the drill flutes and are eventually stressed into the laminate layers
Figure 6.20: SEM images of upper hole section under cryogenic cooling (a) 3000 rpm and
300 mm/min (b) 3000 rpm and 900 mm/min (c) 6000 rpm and 600 mm/min (d) 9000 rpm
and 300 mm/min (e) upper hole section under cryogenic cooling 6000 rpm and 900
mm/min
Delamination analysis of hole drilled under cryogenic cooling
Figure 6.21show CT scan images of holes drilled under cryogenic cooling. No cracks, minor
surface delamination or separation was observed under all cutting conditions, However,
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erosion in the lamina - similar to dry and MQL- was found to occur only at ±45ˆ◦ relative
to 0◦ fibre orientation which could be due chip collision with glass fibre layers while exiting
the workpiece through the flutes, leading to fibre pull outs in small chunks. Inspecting other
locations around the hole edge did not reveal any signs of erosion. The surface delamination
factor was negligible and therefore was not reported in here. The maximum erosion depth
in glass fibre layers was larger than that found under dry conditions -around 190 µm - and
also tended to increase with the increase of the feed rate. The larger erosion under cryogenic
cooling could be due to the increase in matrix brittleness from the cryogen coolant which
makes it easier for the glass fibre layers to break when in contact with evacuated chip or
cutting tool.
Figure 6.21: CT images of hole drilled under cryogenic cooling at 6000 rpm and 600
mm/min
Hole quality inspection under optical microscopy using cryogenic cooling
Figure 6.22show the entry and exit hole status when drilling GLARE 2B 11/10 using cryo-
genic liquid nitrogen. Under the investigated cutting parameters, no visible damage was
observed on the hole edge and through its thickness. No signs of spalling, fibre fraying or
fuzzing or edge chipping fracture were found in all inspected holes. The hole quality at the
entry side was in better condition than at the exit side especially in terms of burr forma-
tion and edge shape. Similar to MQL, the presence of aluminium sheets which essentially
function as backup/support material to glass fibre layers stacked in between was thought to
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minimise their susceptibility to drilling-induced damage. In addition, it was observed that
the hole edges at exit side did not show signs of coating loss of the bond primer which gives
aluminium sheets the yellowish colour with the exception of holes drilled at feed rates of
f= 600 mm/min and f= 3000 rpm, and f= 900 mm/min and n= 9000 rpm which could be
attributed to the continuous cooling of the workpiece by liquid nitrogen which limits the
softening of aluminium sheets to a level were the coating loss occurs.
Figure 6.22: Optical microscopy images hole under cryogenic cooling (a) entry (b) exit
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6.3 Concluding Remarks
The literature review presented in chapter 2 shows that previous work on machining metals
and composites using different cooling strategies such as conventional flooding, minimum
quantity lubrication, cryogenic machining were mainly used with hard to cut metals such
as titanium and steel, and to a less extent in the recent decade on composites. The litera-
ture review also showed that the limited research conducted on the machinability aspects
of fibre metal laminates was directed to explore dry drilling and milling operations, with
some reported literature on semi-dry milling. semi-dry cooling strategies were encouraging
in milling operations since they gave a better surface finish than dry machining at room
temperature, especially when machining thick laminates. The literature also showed a re-
search gap where there were no reported studies on the implementation of MQL and LN2
in drilling GLARE fibre metal laminates. Therefore in this thesis, a better understanding
towards the feasibility of shifting from conventional dry machining to minimum quantity
lubrication (MQL) and cryogenic liquid nitrogen cooling (LN2) was established to highlight
the benefits of such coolants.
The machining performance of MQL and LN2 cooling strategies were encouraging to test
with GLARE since in most previously reported studies gave a better hole quality than
that from dry drilling. The current research aims to fill this gap by incorporating MQL
and LN2 cooling methods in the drilling of GLARE fibre metal laminates as a potential
environmentally friendly cooling strategies. The thesis also aims to demonstrate an in-depth
comparison between those two cooling technologies and dry drilling of GLARE to facilitate
the sustainable advantages and disadvantages of machining using those coolants on cutting
forces and hole surface finish. The scope of this thesis is limited to the experimental study
of twist drilling operation which has been achieved through the implementation of design
of experiment methodology using full and fractional factorial designs and response surface
methodology. The experimental drilling tests input parameters (spindle speed and feed rate)
-in addition to (coolant flow rate and coolant air pressure for MQL trials)- and their levels
have been considered by covering a wide range of cutting parameters similar to the previous
chapters on dry drilling of Al2024-3, GLARE 2B and GLARE 3 laminates.
In this chapter, experimental studies were conducted for the first time to analyse the impact
of using cryogenic liquid nitrogen and minimum quantity lubrication coolants and cutting
parameters on cutting forces and hole quality when drilling unidirectional GLARE 2B 11/10
fibre metal laminates. The study also compares the efficiency of the two coolants against dry
drilling condition. The machined hole quality was analysed by evaluating surface roughness,
burr height and root thickness, the nominal hole size and circularity error, delamination and
drilling-induced damage using optical microscopy, CT and SEM scanning techniques. The
following results can be concluded:
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6.3.1 Conclusions from MQL machining
• In MQL, the feed rate was the most significant contributor to increased thrust force
(50.46 %), while the spindle speed was the most significant contributor in reducing
thrust force (40.40 %). Also, the interaction of the spindle speed and the feed rate,
appeared to influence the thrust force by 6.52 % while the coolant flow rate and air
pressure had a no influence on cutting forces.
• In MQL, the spindle speed was the most significant contributor to reduced torque
(51.57 %), while the feed rate was the most significant contributor in increasing torque
(33.41 %). Also, the interaction of the spindle speed and the feed rate appeared to
influence the torque by 5.41 %.
• In MQL, the spindle speed was the most significant contributor to increased surface
roughness (37.7 %), followed by the interaction of spindle speed with feed rate (22.18
%) while the feed rate had a minor effect on increased surface roughness (1.22 %).
Also, the interaction of the feed rate and air pressure appeared to influence the surface
roughness by 3.08 %.
• In MQL, the quadratic interaction of the spindle speed was the most significant con-
tributor to increased entry and exit burr height (37.16 % and 52.75 %) respectively,
followed by the feed rate of (35.9 % and 12.49 %) while the coolant flow rate and air
pressure had a minor effect on burr height of less than 5 %. Also, the interaction of
the feed rate and air pressure appeared to influence the exit burr height by 3.91 %.
• The average burr height of holes under MQL was generally less than 20 µm at entry
and less than 72 µm at the exit, while the average burr thickness of holes was generally
less than 130 µm at entry and less than 240 µm at the exit. The average deviation from
hole size under MQL was between +13.5 and −21 µm, while the average circularity
error did not exceed 14µm at the top and 33 µm at the bottom.
• Using higher flow rates could sometimes deteriorate the surface finish, producing
higher surface roughness and increased cutting forces. For example, drilling at a
spindle speed of 3000 rpm and feed rate of 900 mm/min using higher flow rates of 60
mL/hr and air pressure of 3 bars increased surface roughness by up to 21 % compared
to that obtained using flow rates of 20 mL/hr and air pressure of 1 bar.
• In MQL, the feed rate was the major significant contributor to increased entry and
exit burr thickness (30.42 % and 21.33 %) respectively, followed by the interaction
of the feed rate with air pressure (20.26 %) and flow rate (10.30 %) for entry burr
thickness. Also, the spindle speed and the interaction of feed rate with flow rate had
a minor effect on increased entry burr thickness (2.08 % and 1.92 %) respectively.
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• In MQL, the spindle speed was the only significant contributor to change in hole size
(5.25-6.67 %) while the feed rate and the interaction of the feed rate with flow rate
had a minor effect on increased circularity error (3.06 % and 2.95 %) respectively.
• In MQL drilling trials, oversized holes were produced at the top location at all times,
while undersized holes were produced at the bottom location. Hole circularity error
at the top location was greater than at the bottom location, with the feed rate being
most dominant among other factors.
• RSM modelling of MQL drilling tests and developed nonlinear regression models
showed the ability to predict cutting forces, surface roughness, hole size and circu-
larity at top accurately within the range of tested cutting parameters, while burr
formation and exit hole size and circularity error were poorly estimated which could
be due to the lack of fit and error within the model.
6.3.2 Conclusions from cryogenic machining
• In cryogenic machining, the effect of the feed rate on thrust force was more significant
(50.48 %) than the spindle speed (43.59 %), while the spindle speed had a more
pronounced effect on torque (55.94 %) than the feed rate (39.42 %). The interaction
of spindle speed with feed rate was around 4.3 % for both cutting forces.
• In cryogenic machining, the average surface roughness ranged from 1.438 to 2.037 µm.
The effect of the feed rate on the increased roughness was more significant (42.06 %)
than the spindle speed (21.34 %) while the interaction of spindle speed with feed rate
was insignificant.
• In cryogenic machining, the average entry burr height ranged from 10.5 to 26.3 µm
and from 28.78 to 54 µm at the exit. The interaction of the feed rate with the spindle
speed was most significant on entry burr height (68.88 %) followed by the spindle
speed and feed rate by 22.43 % and 12.51 % respectively, while the feed rate was the
only significant contributing factor on exit burr height with 53.27 %. Additionally,
the average entry burr thickness ranged from 10 to 110 µm and from 110 to 170 µm
at the exit. The feed rate was only significant input on burr thickness at both sides
( 30-35 %).
• In cryogenic machining, the hole size deviation at top ranged from 15.8 to 27.7 µm
and between 7 to 22.6 µm at the bottom. It increased with spindle speed at both top
and bottom locations during cryogenic drilling trials. Using cryogenic coolant, the
only contribution was from the spindle speed (37-45 %) at both locations. The hole
size increased with the feed rate at the top and decreased at the bottom,
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• In cryogenic machining, the hole circularity error at top ranged from 4.3 to 8.3 µm
and between 8.3 to 21 µm at the bottom, and error at the top location was greater
than at the bottom location, with the feed rate being most dominant among other
factors while hole circularity decreased with the feed rate.
• Using liquid nitrogen as a coolant increased the post machining hardness of the upper








I n this chapter, the drilling performance of GLARE 2B 11/10-0.4 when machined under thedry condition as reported in chapter 5 is compared to the dry drilling of monolithic alumni
alloy Al2024-T3 reported in chapter 4 and discussed. In addition, a comparison of the drilling
performance of GLARE 2B 11/10 when machined with minimum quantity lubrication and
cryogenic cooling as reported in chapter 6 will be made against dry drilling tests reported
in chapter 5. The performance is evaluated based on the effect of varying the cutting
parameters (spindle speed and feed rate) in order to develop the basic understanding of the
advantages and disadvantages of semi-dry cooling and cryogenic cooling during conventional
drilling of GLARE fibre metal laminates. The evaluated parameters are the same as those
reported in the previous chapters. The evaluation includes the assessment of cutting forces
and hole quality parameters. In addition, the hardness of the upper and lower surfaces of
aluminium sheets will be investigated.
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7.1 Comparisons of drilling characteristics between GLARE
2B 11/10 and Al2024-T3 alloy
One of the main aims for drilling Al2024-T3 in this research was to investigate the effect
of applying the same cutting parameters used in the dry drilling of GLARE laminates on
hole quality and cutting forces in the alloy and compare the results with the ones obtained
from a similar thickness of GLARE. In this section, a comparison and analysis between the
results obtained from drilling Al2024-T3 alloy and GLARE 2B 11/10 are carried out since
they both have equal thickness. The comparison looks into cutting force profiles and data
from the inspected hole quality parameters which is discussed below with some details.
7.1.1 Cutting forces analysis
From the results in section 4.2, it was found that cutting forces when drilling Al2024-T3
alloy are greater than those in GLARE for the same thickness and cutting parameters. In
addition, the thrust force is almost proportional to the feed rate and spindle speed for both
materials. Similar trends using comparable drill diameter were found when drilling compos-
ite aluminium stacks reported by other researchers [65, 68, 188, 189, 336, 360, 365–367]. The
difference in cutting forces in monolithic aluminium is because GLARE and Al2024-T3 have
dissimilar mechanical properties although GLARE is largely made of Al202-T3 sheets. In
addition, the higher cutting forces in Al2024-T3 is due to the tendency for aluminium swarf
to adhere onto drill edges and cutting lips [189], which was evident from the larger areas
of adhered aluminium observed on the cutting tools used for drilling monolithic aluminium
than on those used for drilling GLARE as previously shown in Figure 7.1. Moreover, as
reported from the literature and as far as the cutting force are concerned, it has been shown
that the feed rate is an important parameter which influences the cutting forces during
drilling of GLARE and Al2024-T3 aluminium alloy, as it can directly influence the area of
undeformed chip thickness [368].
The case is specifically for GFRP composites since changing the feed rate can influence the
number of fibre layers to be cut, which can considerably influence the magnitude of cutting
forces experienced by the cutting tool during drilling. The chip formation modes discussed
previously in the literature for orthogonal cutting and for oblique cutting mechanisms such
as drilling and milling indicates that the fracture in glass and epoxy matrix layers in GLARE
during the machining process occurs due to its brittle nature, which reduces the tool/chip
contact on the flank and rake faces of the tool [368]. This in return tends to reduce the
friction between the cutting tool and the workpiece material at each glass fibre layer through
GLARE laminates, which results in lower cutting forces as compared to the homogeneous
and ductile material, such as Al2024-T3 of the same thickness [368]. Increasing the spindle
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speed at a constant feed rate decreased the thrust force when drilling Al2024. This find-
ing contradicts findings previously reported by other researchers [68, 336]. The previous
researchers investigated the drilling of composite metal stacks using low spindle speeds of
less than n= 3000 rpm and similar feed rates used in this study. However, it was observed
that increasing the spindle speed when drilling at higher feed rates does reduce the thrust
force [336].
Figure 7.1: Thrust force profiles for hole drilled in GLARE 2B 11/10 and Al2024-T3 at
9000 rpm and 900 mm/min
The time-force curves of thrust force and torque during drilling GLARE and Al2024-T3
increase sharply when the drill engages with aluminium sheets and thrust force for both
materials is approximately identical to each other as it can be seen from Figure 7.2. The
thrust force and torque in Al2024-T3 continues to rise until reaching a steady state followed
by a sharp drop trend indicating the exit of the cutting tool from the workpiece. While for
GLARE, the thrust force fluctuates when the drill cuts through the alternating layers of
aluminium and glass fibre at the steady state region. Both the thrust force and the torque
increased as the laminate thickness increases due to the increase of the working part of
the cutting edge. This agrees with the results found in drilling GLARE reported by other
researchers [193].
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Figure 7.2: Comparison of (a) thrust force ad (b) torque in GLARE 2B 11/10 and
Al2024-T3
7.1.2 Hole quality parameters
From the results of hole quality parameters in section 4.2 and comparison graphs provided
in appendix B, it was found that for the same cutting parameters, the hole surface roughness
in GLARE is always greater than those in Al2024-T3 alloy for the same thickness. This
is mainly due to the presence of glass fibre layers in GLARE which considerably have
higher surface roughness than aluminium which affects the final (combined) value of surface
roughness using the 2D profilometer. As discussed previously, the 3D surface roughness
inspection of some of the aluminium sheets in machined GLARE laminates revealed that
surface roughness did not exceed 1 micron in most cases which is similar to surface roughness
results obtained from drilling monolithic aluminium alloy. It was also observed that the
surface roughness of GLARE and monolithic aluminium alloy become similar at higher
spindle speeds of n= 9000 rpm which could be due to increased cutting temperatures and
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increased deformations.
Regarding burr formation in both materials, it can be seen that the entry burr height in
Al2024-T3 was slightly higher than that in GLARE laminate. This could be due to larger
amount of chip evacuation during the drilling process and higher temperatures developed
when drilling Al2024-T3, which increase plastic deformation and leads to a rise in entry
burrs. The exit burr in GLARE tended to be higher than those in Al2024-T3. This could
be mainly due to the increased bending in the last aluminium sheet in GLARE due to
its inhomogeneous structure and relatively smaller thickness compared to the monolithic
aluminium alloy. This makes it easier for the drill to push out aluminium burrs to a greater
extent from the hole edges. The variation in exit burr height tended to increase with the
increase of spindle speed. Similar results were obtained for exit and entry burr thickness.
The entry and exit hole sizes in GLARE were generally undersized and were more affected
by cutting parameters than in the aluminium alloy. Undersized holes are common when
drilling composites due to the relaxation of the lamina while oversized holes are common
when drilling ductile metals due to plastic deformation. The feed rate seemed to have a
stronger impact on circularity error in GLARE which could be due to the hybrid nature
of the material. However, in both materials, the deviation in hole size did not exceed
the ±40 µm maximum allowable limit for holes drilled in aerospace structures. the chip
formation from Al2024-T3 and GLARE laminates was quiet different. Most of the chip
formed in Al2024-T3 trials was very short and discontinuous while the formed chips in
GLARE were long and curled with more types at different cutting parameters. This could
be due to the small thickness of aluminium sheets in GLARE relative to the monolithic
Al2024-T3 workpiece and the presence of glass fibre layers which alters the chip cutting
mechanism and the formed chips.
7.2 Comparison and discussion of results from Dry, MQL and
cryogenic drilling trials
To consider the effect of MQL and cryogenic cooling on drilling GLARE, results from cutting
forces and hole quality parameters discussed previously were plotted at various cutting
parameters and are compared and discussed in the following subsections.
7.2.1 Cutting forces comparison
Figure 7.3 shows a comparison of the thrust force and torque under dry, MQL and cryogenic
conditions in GLARE 2B 11/10. The application of liquid nitrogen produced higher average
thrust and maximum force compared to dry and MQL drilling tests. The increase in average
thrust force ranged from 10 % to 21 % compared to dry drilling.
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Figure 7.3: Average (a) thrust force (b) torque comparison under dry, MQL and cryogenic
conditions
The significant rise in cutting forces when using liquid nitrogen can directly influence the
delamination damage in glass fibre layers. The rise in cutting force when using cryogenic
cooling could be due to the extremely low temperatures of liquid nitrogen on the cutting
tool and the workpiece during the drilling process, which could lead to changes in the
mechanical properties of GLARE constituents in the cutting zone. This was confirmed
by inspecting the microhardness of the upper and lower aluminium sheets which showed
that it increased when applying liquid nitrogen. The increase in workpiece microhardness
may have adversely affected the cutting forces. The results obtained from coolants and dry
drilling of GLARE laminates agrees with the previously established relationship between
cryogenic cooling and cutting forces components in machining of metals and composites,
which states that applying cryogenic coolants such as LN2 and CO2 generally increases the
cutting forces in machining process in comparison with dry and other cooling methods [369–
371]. Cutting forces results using MQL showed a negligible increase in thrust force compared
to dry conditions. Cryogenic cooling generates around 40-60 N of thrust force more than
dry and MQL conditions at a spindle speed of n= 3000 and 6000 rpm and around 10-30
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N of thrust force at n= 9000 which indicates that cryogenic cooling becomes more efficient
when drilling GLARE at higher spindle speeds and lower feed rates.
As feed rate was increased from f= 300 mm/min to 900 mm/min, the difference between
thrust forces in dry and cryogenic was reduced from 17.4 % to 11.5 % at constant spindle
speed of 3000 rpm, while the difference increased from 12.1 % to 18.9 % at n= 6000 rpm
and from 9.8 % to 14.2 % at 9000 rpm. Similar for MQL, as feed rate was increased from
f= 300 mm/min to 900 mm/min, the difference between thrust forces in dry and MQL was
reduced from 2.4 % to 1.2 % at constant spindle speed of n= 3000 rpm, while the difference
increased from 2.63 % to 4 % at 6000 rpm and from 3 % to 3.64 % at n= 9000 rpm. It
was also observed that the increase in thrust force due to liquid nitrogen cooling compared
to dry drilling decreased with the increase of spindle speed, for example when drilling at
n= 3000 rpm and f= 900 mm/min the difference in thrust force between dry and cryogenic
tests was around 50 N and around 24 N when drilling at n= 9000 rpm and f= 900 mm/min
which could indicate that the efficiency of cryogenic liquid nitrogen to remove heat reduces
at higher spindle speeds.
Figure 7.4 shows a comparison of thrust force plots under MQL, cryogenic and dry conditions
for a drilled hole at n= 3000 rpm and at f =900 mm/min. The use of liquid nitrogen can
be seen to increase the cutting forces constantly during the drilling process especially at
the upper section of the workpiece which was in direct contact with liquid nitrogen. These
observations on cutting forces profiles indicate that the impact of applying cryogenic cooling
was more dominant than MQL and dry, especially at the entry stage of the cutting tool into
the workpiece, which thereafter, the effect of cryogenic cooling was reduced with deeper drill
penetration into the workpiece until finally becoming almost less effective when reaching the
last layer of the workpiece. Therefore, it can be stated that the application of cryogenic
cooling of the tool-workpiece during drilling did not improve the drilling performance with
respect to generated thrust force in GLARE laminates, though the application of cryogenic
cooling has been previously reported to provide such benefits in metal machining [282, 372,
373].
Using MQL coolant reduced the torque by up to 17 % compared to dry drilling trials,
especially when drilling at high feed rates. This could be due to the lubrication effect of
MQL which helps to lubricate the drill while cutting through GLARE. The lubrication of the
cutting tool reduces the friction forces caused by the continuous rubbing of the drill against
the walls of the holes. Also, the air pressure ejected on the workpiece could have helped to
dissipate the heat from the cutting zone region as well as the heat generated by hot chips.
Cryogenic cooling generates around 0.03-0.045 N-m more torque than in dry machining and
around 0.065 -0.158 more than under MQL conditions at a feed rate of f= 900 mm/min
and equal or less at f= 600 mm/min which indicates that cryogenic cooling becomes more
233
CHAPTER 7. COMPARISON OF THE PERFORMANCE OF DRY DRILLING OF GLARE TO AL2024-T3, MQL AND
CRYOGENIC COOLING OF GLARE
efficient on torque when drilling GLARE at low feed rates and spindle speeds. As feed rate
was increased from f= 300 mm/min to 900 mm/min, the difference between torque in dry
and cryogenic conditions was reduced from 13.4 % to 4.5 % at constant spindle speed of n=
3000 rpm, while the difference increased from 8.3 % to 9.32 % at n= 6000 rpm and from
4.85 % to 8.36 % at n= 9000 rpm. Similar for MQL, as feed rate was increased from f= 300
mm/min to 900 mm/min, the difference between torques in dry and MQL increased from
3.65 % to 17.3 % at constant spindle speed of n= 3000 rpm, while the difference increased
from 7.66 % to 14.6 % at n= 6000 rpm and from 12.3 % to 8.72 % at 9000 rpm.
Figure 7.4: Average thrust force comparison under dry, MQL and cryogenic conditions at
n= 3000 rpm and at f= 900 mm/min.
Based on the results from cutting forces, the microhardness around drilled hole edges was
inspected. Figure 7.5 shows the average Vickers microhardness of the upper and lower
aluminium sheets measured near the edge of drilled holes versus cutting parameters and
different coolant conditions. The post-machining microhardness of the sample drilled under
dry and MQL conditions increased about 1.5-5 % and ranged between 139-144 HV. For
LN2, the increase in microhardness was higher than that in MQL and dry conditions under
same cutting parameters which could be the reason for the greater developed cutting forces.
The increase ranged between 6.5 9.5 % 146-150 HV. Additionally, there was no significant
difference observed in microhardness between the upper and lower aluminium sheets under
all conditions. The results clearly indicate that cryogenic cooling using liquid nitrogen allows
the material to reach a higher surface hardness which could be attributed to the impact of
extremely low temperatures of liquid nitrogen during the drilling process [373]. The cooling
effect of liquid nitrogen would reduce the thermal softening of GLARE constituents by
7.2. COMPARISON AND DISCUSSION OF RESULTS FROM DRY, MQL AND CRYOGENIC DRILLING TRIALS 234
reducing the machined surface temperature when applied directly to the workpiece/cutting
tool. Rotella et al. [372, 373] previously reported that applying cryogenic coolant during
machining process can help maintain small grain size after dynamic recrystallization which
gives higher surface hardness. The increase in hardness of the workpiece subjected to liquid
nitrogen is reflected in the reduction of surface roughness as it will be shown in the following
section. This could be due to the increase in the toughness of Al2024 sheets and glass fibre
layers due to microstructural alterations when subjected to the extremely low temperatures
of LN2. Also, it is well known that the final mechanical properties can be influenced by
cooling rates when the material is rapidly cooled to very low temperatures. Hickey [374]
previously reported that a gradual increase in the strength properties of Al2024-T3 in sheet
form was observed when cooling from room temperature of 10 ◦C down to -196 ◦C.
Figure 7.5: Vickers microhardness versus cutting parameters under different cooling
conditions at hole (a) entry (b) exit
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7.2.2 Surface roughness comparison
Figure 7.6 shows a comparison of the average surface roughness Ra under different cutting
parameters using cryogenic, MQL and dry conditions. Using MQL and LN2 coolants im-
proved surface roughness compared to a dry condition. Their application can be seen to
be more efficient in reducing surface roughness when drilling at high spindle speeds of n=
9000 rpm compared to dry cutting. The improvement in hole surface roughness using MQL
over dry condition ranged from 4 % to 43.1 %. The improvement in hole surface roughness
using LN2 over dry condition ranged from 6.3 % to 44.6 %. Previous results on machining
Al-7075 alloys showed that surface roughness is reduced when using MQL over dry and air
cooling, which was attributed to the reduction in machining temperatures and improved
tool life [375]. LN2 outperformed MQL, which could be due to improved penetration of
the chip-tool interface observed when using cryogenic coolants in their gaseous form, which
reduces the formation of the built-up edge on the cutting tool [376].
When using liquid nitrogen, it was also observed that the influence of spindle speed on
surface roughness becomes less significant than feed rate, while for MQL and dry conditions
the impact of spindle speed is more significant than the feed rate. This could be because
MQL is considered as a lubricating method rather than a cooling method [377], which
limits its effectiveness when machining at high spindle speeds and low feed rates. In the
case of cryogenic machining, the extremely low temperatures of LN2 restrict the increase
in cutting temperatures associated with high spindle speeds. Shane et al. [378] reported
that the performance of liquid nitrogen coolant increased with higher cutting speeds when
machining titanium alloy Ti-6Al-4V due to the reduction in machining temperatures, which
also prevented chips from welding to the cutting tool. Therefore, it could be concluded
that the performance of liquid nitrogen is more effective in reducing surface roughness when
drilling at low feed rates and high spindle speeds.
In some cases, the use of liquid nitrogen did not show any appreciable reduction in surface
roughness compared to dry drilling. For example, when drilling at n= 3000 and feed rate
of f= 300 mm/min the surface roughness was greater when using LN2 than in dry and
MQL which may be caused by the fact that the liquid nitrogen was deleiverd externally to
the cutting tool and the upper surface of the workpiece. Therefore, it had little influence
after the cutting tool was engaged with the workpiece and any further cooling might have
adversely affected the surface roughness especially when drilling at low feed rates. Generally,
the composite structures used in the aerospace structures are relatively thin hence the
requirement is for short holes as it is the case in GLARE laminates. Typical demands
include surface requirements in machined composites within Ra 4.8 microns when machined
alone or Ra of less than 3.2 microns when machined in a composite metal stack. Moreover,
it is usually demanded that the metal part of the stack to have surface roughness less than
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1.6 microns in the metal part of the hole in the stack [379].
Figure 7.6: Average surface roughness at different cutting parameters under cryogenic,
MQL and dry drilling conditions
The results of surface roughness as shown previously in Figure 7.6 were generally below 2
microns under all cutting conditions and cooling conditions, which indicates that achieving
hole quality of GLARE in terms of surface roughness is possible and is well below the
recommended limits, while the use of coolants proves to be an excellent choice in bringing
down surface roughness levels compared to dry drilling. Further analysis was carried out
to evaluate the impact of using MQL and cryogenic coolants on the surface integrity of the
internal walls of drilled holes. Figure 7.7 shows the surface topography of the inner surface
of three holes drilled at f =300 mm/min and n =9000 rpm using 3D optical microscopy scan.
The results revealed that using cryogenic coolants improved the overall surface roughness
of internal hole walls when comparison to dry and MQL coolants. For example, inspecting
the last glass fibre layer at the described cutting conditions revealed that it had a surface
roughness ranging between 0.964 and 4.501 µm under dry conditions, between 1.265 and
4.648 µm using an MQL coolant, and between 0.62 and 2.992 µm using a cryogenic coolant.
Some adhesions from the dust and chips formed during the drilling process were observed
on the internal walls of the holes drilled into the last aluminium sheet under dry condition.
It was also observed that a better-machined surface finish was achieved in the glass fibre
plies; these plies were relatively less deformed than in MQL and dry conditions. This could
be attributed to the fact that the use of liquid nitrogen can reduce the compressive stresses
developed in the laminate due to differences in the thermal expansions of the resin and the
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fibre, as well as of the prepreg and the aluminium sheets. In addition, the epoxy matrix
becomes stiffer at cryogenic temperatures which increases the rigidity of the fibres and
reduces their deflection, leading to fibres being cut by shear fracture rather than bending
and tearing [250].
Figure 7.7: Surface topography of the last three layers of GLARE using 3D optical
microscopy scan at f= 300 mm/min and n= 9000 rpm
To conclude, the range of surface roughness under tested cutting parameters was between
1-3 µm. The surface roughness is lowest when using cryogenic liquid nitrogen followed by
MQL and highest in dry tests under same cutting parameters. As reported previously from
the literature, there are no available data on the acceptable surface roughness for GLARE
or composite metal stack materials recommended by the aerospace industry for machin-
ing/drilling process. However, Sandvik [52] reported common hole quality requirements by
aerospace industry of less than 3.2 µm in CFRP and less than 1.6 µm in Al or Ti. The
surface roughness in aluminium sheets was below 1 µm on average. For glass fibre layers,
the surface roughness varied from 1 to 5 µm on average at measured locations. The results
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clearly indicate that the surface roughness of aluminium sheets satisfy the recommended
values by the aerospace industry. For glass fibre layers, despite exceeding the recommended
roughness values, it was observed that the measured maximum surface roughness occurs
only in a narrow region at the edges of the glass fibre layer (between aluminium sheets and
glass fibre layer or between glass fibre layers with different fibre orientation) as shown in
Figure 7.8, While it was always below the recommended maximum roughness in the re-
maining regions of glass fibre layer surface. This could be attributed to the difference in
cutting mechanisms of glass fibre layers with respect to fibre orientation, and the formation
of interlayer burrs which damages the adjacent region in glass fibre layers leading to higher
surface roughness. In addition, this could be due to the sudden change in surface texture
height when moving from aluminium surface to glass fibre layer surface or when the fibres
alternate from 0◦ to 90◦. Indeed, Takeyyama [338] previously reported that the roughness
of the machined surface with reference to the fibre angle showed that surface roughness
increases steeply at fibre angles greater than 60◦ due to the generation of larger compressive
strains within the work material resulting in larger surface roughness. The surface rough-
ness values of glass fibre layers are generally within the range of previously reported studies
of surface roughness in drilled GFRP and CFRP/metal stacks [65, 79, 189, 339–341].
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Figure 7.8: Surface topography of the last three layers of GLARE 2B 11/10 using 3D
optical microscopy scan at f= 900 mm/min and n= 9000 rpm
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7.2.3 Burr formation comparison
Figure 7.9 shows a comparison of entry and exit burr height under cryogenic, MQL and dry
cutting conditions. Results show that using cryogenic and MQL coolants can significantly
reduce the exit burr height and root thickness when compared to dry cutting. Murthy et
al. [301] previously reported that using MQL cooling can reduce the temperatures at the
chip formation area that have an influence on burr formations, leading to a reduction in exit
burr heights when compared to dry cutting. However, it was observed that the entrance
burr height increased significantly when using either coolant. Drilling with the assistance of
liquid nitrogen increased burr height by up to 228 %. Alternatively, using MQL increased
burr height up to 175 % compared to dry drilling. The rise in entrance burr height when
using both coolants could be due to the excessive cooling and increase in drilling thrust
force, as was the case in a previous study on drilling GLARE.
Figure 7.9: Comparison of the (a) entrance (b) exit burr height for Dry, Cryogenic and
MQL drilling trials
There are several definitions of what would be an acceptable burr height for a hole drilled in
metals. Gillespie [344] states that for common industry applications, a maximum acceptable
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burr height in the machined workpiece can be either 5 % to 10 % of the metal thickness, or
ideally, burrs that are equal or less than 30 µm tall are considered acceptable even if they are
more than 10 % of the metal thickness. This means that an acceptable burr height in drilled
holes in GLARE should not exceed 20.32 µm (5 %) or 40.64 µm (10 %). Therefore, entry
burr heights produced from all cutting conditions are acceptable and no further process to
remove them is required. However, looking at the exit burr heights, only holes drilled using
MQL and cryogenic coolants at spindle speeds of n= 3000 rpm and feed rates of f= 300
mm/min can be considered acceptable based on the requirements described above.
The reduction in burr height and root thickness using coolants could be due to the fact
that burr formation is highly dependent on the amount of plastic deformation represented
by the ductility and elongation of the material [380]. Additionally, the burr formation is
highly dependent on the mechanical properties of the workpiece material, such as its yield
and ultimate strength [306]. These ultimate and yield strengths can be affected by material
temperature. Moreover, the drilling process can considerably increase the temperature of
aluminium sheet. This temperature increase causes a reduction in yield strength and an
increase in elongation which results in increasing exit burrs. Also, as previous studies
reported, the strength of Al2024 alloy increased and elongation decreased under cryogenic
temperatures. For example, tensile and yield strength increased by almost 13.5 % and 38.5
%, respectively, when going from room temperature (25 ◦C) to liquid nitrogen temperatures
(-196 ◦C) [374]. Therefore, the thermal effects induced by using liquid nitrogen coolant may
increase the brittleness of the material. This brittleness reduces the exit burr size (height
and root thickness) as burrs separate more easily from the hole edge rather than forming
on it.
The influence of coolants on burr height was more significant when drilling at high spindle
speeds and low feed rates. Such influence resulted as higher machining temperatures devel-
oped under this specified cutting condition. As a result, the use of coolants helped reduce
the temperatures considerably. In addition, Seyed et al. [381] previously reported that the
use of high spindle speeds and feed rates may increase the temperature and strain rate of
the machined metal enlarging the exit burr size. When using cryogenic liquid nitrogen, the
average exit burr height was reduced by up to 47 %. Similarly, MQL reduced the average
height by up to 36.4 %. Using cryogenic and MQL coolants seemed to reduce entrance burr
root thickness as shown in Figure 7.10.
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Figure 7.10: Comparison of the (a) entrance (b) exit burr root thickness for Dry,
Cryogenic and MQL drilling trials
Generally, MQL is more efficient in reducing burr root thickness than cryogenic coolant.
This result could be due an increased lubrication effect of MQL over liquid nitrogen. The
reduction for MQL reached as high as 50 % compared to dry drilling while cryogenic reached
as high as 28 %. Overall, using MQL and cryogenic coolants considerably reduced exit burr
root thickness. The reduction was significant, especially when drilling at high feed rates or
high spindle speeds. Figure 7.11 shows a comparison of burr formations taken at 90◦ on the
hole edge of MQL, cryogenic and dry drilling conditions and different cutting parameters.
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Figure 7.11: Exit burr formation around hole edge under MQL, cryogenic and dry
conditions
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7.2.4 Hole size and circularity comparison
Figure 7.12 shows a comparison of the average hole size at the top and bottom locations
under different cutting parameters and cooling conditions. It is well known that the hole size
in composites increases during the drilling process and decreases after a cooling phase [382].
Figure 7.12: Comparison of the hole size at (a) top (b) bottom for Dry, cryogenic and
MQL drilling trials
Using cryogenic coolant produced oversized holes for all cutting parameters at both loca-
tions. This result could be attributed to the fact that applying liquid nitrogen coolant
can slow down the thermal expansion of GLARE constituents. As previously reported, the
use of liquid nitrogen increased the epoxy matrix stiffness when drilling Kevlar composites
and increased the rigidity of the fibres which caused a reduction in the deflection of the
fibres [254], and prevented the lamina from shrinking after expansion. No general trend
could be established on hole size using MQL as oversized and undersized holes were pro-
duced at both locations depending on the applied cutting parameters. This could be due
to the limited ability of MQL coolant to reach through the inner layers of the material as
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depth increases and the reduced cooling capacity in comparison with cryogenic coolant at
higher cutting speeds. For dry conditions, undersized holes were produced for most cutting
parameters in both locations. The difference in hole size deviation between top and bottom
locations was much smaller when using cryogenic liquid nitrogen. Using MQL and dry con-
ditions produced holes sizes near the nominal diameter of 6 mm at both top and bottom
locations.
The results clearly indicate that the use of liquid nitrogen coolant prevents glass fibre layers
from shrinking by reducing their thermal expansion. It is well known that hole shrinkage
will occur in glass fibre reinforced epoxy resin materials after drilling due to relaxation of
laminate [69]. In contrast, oversized holes are likely to occur when drilling soft aluminium
alloys. However, the shrinkage does not take place when using liquid nitrogen as low tem-
peratures induced by a low boiling temperature slow down the expansion rate of the metal
sheets and relaxation of the laminate. This outcome could be also attributed to the lubrica-
tion effect of liquid nitrogen. Dhananchezian et al. [371] previously reported that applying
liquid nitrogen on the tool rake face provided better lubrication and reduced the adhesions
between the tool and chip when machining Al-6061 aluminium alloy. It was observed that
the hole size at the top increased with feed rate and spindle speed when using cryogenic
liquid nitrogen and decreased with feed rate increase when drilling under MQL and dry
conditions. This effect could indicate that the type of coolant used can affect the hole size
during the drilling process as the coolant directly influences the mechanical and thermal
loads the workpiece is subjected to. This example was evident in the previous section which
showed that cutting forces increased when using cryogenic liquid nitrogen coolant over MQL
and dry conditions.
In conclusion, the strongest rivet joints installed on drilled GLARE fuselage structures are
going to be the ones where the holes are as close to the hole nominal diameter as possible.
Significantly undersized holes would require an additional reaming operation to bring them
to the right size while significantly oversized holes would not take up the load until the
other tighter holes have already begun to distort. The variation of hole size in all drilling
trials and cooling conditions did not exceed -13 to 22.5 µm which is within the range of
allowable hole clearance H9 as stated in hole size tolerances standard ISO 286. In addi-
tion, interference fit fasteners usually installed in aerospace structures have the ability to
expand during installation which provides a compressive stress on the material bordering
the hole and rivets. The installed rivet will expand sideways to fill the hole. On the other
side, SANDVIK reports that hole tolerances in composites and composite metal stacks vary
between ±20 to 40 µm with hole tolerances tighter than ±25 µm usually requiring a ream-
ing pass [379], which means that under the cutting parameters used for drilling GLARE
all holes are considered acceptable and do not require any further process. In addition,
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as mentioned previously in chapter 3, the standard for drilled hole tolerance in aerospace
metals is H7 (-12 microns based on ISO 286 hole tolerance). However, aerospace industrial
manufacturers such as Boeing usually relaxes the tolerance to H8 (18 µm) or H9 (20 µm) to
meet the allowable hole tolerances. Nevertheless, oversized holes in blind fasteners create
performance issues with the fastener which could require removal of the fastener and rework-
ing of the hole/structure which is considered time-consuming and potentially catastrophic
for the structure.
Hole circularity comparison at top and bottom locations shown in Figure 7.13 reveals that
using cryogenic liquid nitrogen reduced circularity by more than 70 % compared to MQL and
dry conditions. The deviation in hole circularity error obtained using LN2 at the top location
were aroundranged between 4.57 and 8.63 µm. and The smallest least deviationss were
obtained when drilling at n= 6000 and 9000 rpm regardless of the feed rate used. , While
while at bottom wherethey were slightly higher at bottom location and ranged between 9.21
to and 21.031 µm. This results suggests that in addition to cutting parameters (feed rate
and spindle speed) the coolant applied during the machining process plays a significant role
on hole circularity. It was also observed that hole circularity at the top decreased with feed
rate and spindle speed when using LN2 coolant, while circularity increased considerably
with the increase of the spindle speed and the feed rate under dry conditions. Using MQL
did not show any appreciable improvement on hole circularity at the bottom except when
applied at spindle speeds of n= 9000 rpm which could be attributed to MQL ability to
remove cutting temperatures at higher cutting speeds. In fact, for some cutting parameters,
the use of MQL coolant increased hole circularity by more than 47 % compared to dry
conditions which could be due to excessive cooling.
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Figure 7.13: Comparison of the hole circularity at (a) top (b) bottom for Dry, cryogenic
and MQL drilling trials
Due to the limited literature on machining GLARE in particular and use of coolant in ma-
chining composite metal stacks in general. Comparison were carried against other metals
such as titanium. The results reported in the current research disagree with a previously re-
ported study which indicated that hole circularity increased when using LN2 in drilling tita-
nium compared to dry and wet conditions, especially with the increase of the feed rate [369].
This might related to the difference in material properties of GLARE and titanium in terms
of material hardness and ductility.
7.2.5 Post-machining cutting tool condition
Microscopic investigations of the cutting tools showed that the use of cryogenic and MQL
coolants can significantly reduce the adhesions of chips on the cutting tool compared to dry
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drilling. The condition of the cutting tool in cryogenic and MQL trials was better than that
observed in the dry tests, as shown in Figure 7.14 . Adhesions were seen to form all over
the tool surfaces -around the chisel edge, the web thickness and the flank facets of the drill
bits used in dry trials which is attributed to the tendency of aluminium alloys and their
chips to adhere to the cutting tool and their low melting point [383] , while minor areas
of adhesions from aluminium chips were formed around the chisel edge of the drills used
in MQL and cryogenic tests. The cooling effect of liquid nitrogen in cryogenic machining
and the mist lubricant in MQL have eliminated the production of built-up edge effectively
and limited the deterioration of cutting tool to a limited region around the chisel edge.
Despite that the cutting forces increased considerably using cryogenic cooling and increased
slightly using MQL. However, the application of those coolants limits the adhesions on the
aluminium sheets in GLARE and therefore, reducing the frictional force inherent in the
cutting process.
Figure 7.14: Cutting tool condition after drilling trials
The relatively better tool condition using MQL and cryogenic coolants can be related to
improved chip breakability. This is due to the increased hardening of sliding chips which
tends to reduce their stickiness on the cutting tool facets rather than accumulating on
them [384]. Another study reported that cryogenic cooling can help retain the hardness of
the cutting tool especially at high cutting speeds which reduced the adhesions compared to
dry drilling [369].Hardness of the tool can be retained by improved heat conduction in cryo-
genic LN2 conditions. However, an interesting study reported that delivering the cryogenic
liquid nitrogen through the cutting tool causes adhesions due to the limited lubrication of
the cryogenic coolant [385]. This was not observed in the current study which could be due
to the fact that the cryogenic was delivered externally.
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7.2.6 Temperature measurements comparisons
Temperature measurements were carried out for selected cutting parameters in MQL trials
to compare the effect of the coolant on cutting temperatures. The aim was to carry out
temperature measurement trials for cryogenic cooling but due to the lack of material and
funding, the tests were limited to MQL only. Figure 7.15 shows a comparison of hole
temperature at exit between dry and MQL tests. The MQL drilling tests were carried out
using 20 mL/hr flow rate coolant and air pressure of 3 bars since they proved to give the
best results among all other tested flow rates and air pressures. Results showed that the
application of MQL coolant can reduce machining temperatures when drilling at high feed
rates of f= 900 mm/min, which could be due to the lubrication effect, which reduces friction
around hole walls during drill-workpiece contact. Drilling at feed rates of f= 300 mm/min
and spindle speeds of n= 6000 rpm gave similar results to those obtained under dry cutting,
which could be due to the evaporation of lubricant before having sufficient time to lubricate
the cutting tool and workpiece. Under the same feed rate but at higher spindle speeds of
n= 9000 rpm, the application of MQL reduced the temperature by approximately 22 ◦C
, and increased it by approximately 10 ◦C when drilling at feed rate of f= 600 mm/min
which indicates that the combination of spindle speed and feed rate plays a significant role
in developed temperature. Under spindle speeds of n= 6000 and 9000 rpm, increasing the
feed rate tended to decrease the cutting temperature which indicates that MQL becomes
more effective when the drilling time is reduced. This could be due to the small amounts
of lubricant used in MQL which tend to evaporate before having enough time to lubricate
the cutting tool-workpiece properly. Increasing the spindle speed increased the cutting
temperatures which is due to increased rubbing between the cutting tool and the workpiece
surface, while increasing the feed rate decreased the cutting temperatures which is due to
reduced tool-workpiece contact time.
Previous studies indicated that MQL could reduce the maximum workpeice temperatures
by 15 to 125 % compared to machining at room temperature for different types of metals
such steel and magnesium alloys [230, 241, 294]. The significant temperature reduction was
related to the cooling and improved chip breakability [384, 386]. The variation in MQL
cooling efficiency in reducing machining temperatures could be due to the setup of process
parameters such as the spindle speed, feed rate, cutting tool coating and geometry or the
methods used for temperature measurement. Previous studies also reported that using
MQL and cryogenic coolants can reduce the tool wear compared to dry machining, and that
their effectiveness increases with the increase of the cutting speed [293, 297]. However their
effectivness was also reported to vary depending on the properties of the machined material
such as its abrasiveness and hardness [386].
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Figure 7.15: Comparison of the exit temperature of holes drilling under MQL and dry
conditions
7.3 Concluding Remarks
As discussed in Chapter 2, the application of cryogenic and MQL coolants proved to be a
powerful method for improving the surface integrity of the machined part and enhancing tool
life when machining metals and composites. The majority of previous literature indicates
that the cryogenic and MQL coolants were incorporated with hard to cut metals such as
steel and titanium and to less extent on composites. The literature on machining fibre metal
laminates using semi-dry cooling was mentioned briefly in milling operations. However, from
the few reported studies on machining fibre metal laminates, none of them investigated
the use of MQL and cryogenic cooling methods on machining fibre metal laminates in a
systematic and complete study. This chapter aims to show the beneficial effects of using
minimum quantity lubrication and cryogenic liquid nitrogen cooling in drilling GLARE fibre
metal laminates in comparison with drilling GLARE at room temperature. This will help
the manufacturing industry to adopt those environmentally friendly cooling technologies
by providing an alternative to dry machining and the use of conventional cooling to use
higher metal removal rate, equal or better-machined part quality and extended tool life.
The following can be concluded from drilling GLARE 2B laminates at room temperature
and using MQL and cryogenic liquid nitrogen coolants:
• The influence of spindle speed on cutting forces was more dominant than the feed rate
for all GLARE grades and Al2024-T3 alloy. This was evident by the ANOVA analysis
which showed that the spindle speed contribution on cutting forces was more than 50
%.
• The reduction in cutting forces with increasing spindle speed was due to faster material
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removal rate (smaller chip thickness/load) while the increase of cutting forces with
increasing feed rate was due to increased thickness of cut material per unit of time
(chip thickness/load).
• The use of liquid nitrogen increased thrust force between 10-21 % and torque by 4-23
% compared to that obtained under dry and MQL conditions.
• A 17 % drop in torque was achieved when using MQL compared to dry conditions
while there was a negligible increase in thrust force.
• The use of MQL and LN2 coolants improved surface roughness over dry conditions
by up to 44 %, the performance of LN2 on surface roughness was better than MQL,
especially when drilling at low feed rates and high spindle speeds. This could be
attributed to the reduction of cutting temperature and increased the hardness of
aluminium sheets which improves chip breakability.
• The average surface roughness under tested cutting parameters was between 1-3 µm
and is minimal when using cryogenic liquid nitrogen followed by MQL and highest in
dry tests under same cutting parameters.
• Compared to dry drilling conditions, using liquid nitrogen and MQL coolants showed
the ability to reduce the exit burr formation in drilling GLARE by up to 47 % and
36.4 %, respectively.
• The effect of feed rate on height and thickness of the exit burr is significant regardless
of coolant used.
• The entrance burr height was greater using coolants compared to dry conditions.
• MQL and dry conditions produced holes sizes near the nominal diameter of the drill
at both locations.
• Hole circularity was reduced by more than 70 % using cryogenic liquid nitrogen com-
pared to MQL and dry conditions.
• Powdery (dust) chips are formed from drilling glass fibre layers in GLARE laminates
under all cutting conditions and cooling methods due to their low ductility and non-
homogeneous properties
• Built up edge and adhesions on the cutting tools were found to be marginally lower
when using MQL and cryogenic liquid nitrogen cooling compared to dry drilling. The
adhesion of the work material to the tool was observed to be having the highest
rate during dry drilling. The use of MQL and cryogenic coolants reduced aluminium
adhesion and built-up edge formation on the cutting tools considerably.
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• The stacking nature of GLARE laminates which puts each glass fibre layer between
two aluminium sheets was thought to provide a form of backup support against de-
lamination damage which significantly reduce peel-up and push-out delamination at
hole entry and exit respectively.
• Fibre breakage, fibre pull-out edge and chipping (erosion) were the most dominant
damage forms in glass fibre layers.
• The surface delamination factor in glass fibre layers was minimal. It did not exceed 2
% under all cutting conditions.
• The application of MQL could significantly reduce machining temperatures compared
to dry cutting when drilling at spindle speeds of n= 6000 rpm and feed rates of f= 600
and 900 mm/min, and n = 9000 rpm and feed rates of f= 900 mm/min which indicates
that MQL can be more effective at higher feed rates due to short drilling time period
which prevents the evaporation of MQL coolant and provide sufficient lubrication at
the tool-workpiece cutting zone.
• As a result, it could be concluded that cryogenic cooling and MQL are an effective
method to dry drilling of GLARE fibre metal laminates. Application of liquid nitrogen
cooling and MQL in the drilling of GLARE can provide environmentally friendly






T he machining of fibre metal laminates was the main objective of this research. Thefibre metal laminates considered were made of aluminium sheets and glass fibre layers
bonded together using an adhesive epoxy which is commercially known as GLARE. Two
grades of GLARE that have different fibre orientation were used in the study in addition to
its metallic constituent the Al2024-T3 alloy. Among the several machining processes, drilling
was selected for the current research study. The cutting tools used were coated carbide twist
drills which were commercially feasible and satisfy the requirements of machining both
aluminium and GLARE laminates. The drilling tests were carried out at room temperature
and using minimum quantity lubrication and cryogenic liquid nitrogen cooling. The research
investigated the influence of a wide range of cutting parameters (spindle speed and feed rate)
on cutting forces, hole quality indices and damage around the hole caused by the machining
process.
As discussed in Chapter 2, despite the reported literature and knowledge in machining of
metals, composites and composite metal stacks, there has been a little work reported on the
machinability of fibre metal laminates such as GLARE due to its limited applications in the
aerospace sector. Only a limited number of researchers has reported experimental results on
limited aspects of GLARE drilling indices. The previous work on drilling GLARE have been
approached only by few researchers which looked into the results of machining quality and
performance of thin GLARE laminates such as GLARE 3, 5 and 6. The literature review
on the machining of fibre metal laminates indicates that a complete drilling machinability
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evaluation for GLARE using DOE techniques has not yet been fully investigated. Moreover,
the machinability of thick laminates have not been yet investigated since the thickness of
GLARE samples tested in all previous studies were less than 2 mm. The current research
aimed to fill the gap in machining GLARE by exploring the machinability of GLARE 2B
fibre metal laminates using various thicknesses. Moreover, the drilling of GLARE 3 fibre
metal laminates was also carried out to evaluate the effect of fibre orientation on hole quality
and cutting forces in comparison with GLARE 2B of the same thickness. Apart from that,
the quality of machined borehole surface in terms of surface roughness and drilling-induced
damage in glass fibre layers and aluminium sheets were not disclosed in previous studies.
This is due to complexity in inspecting those indices which require state of the art scanning
techniques. Therefore, the primary objective of the current research was to determine
the impact of machining parameters on the developed cutting forces and a number of hole
quality parameters through the implementation of design of experiment methodologies. The
employed design of experiment techniques were based on full factorial and response surface
methodology designs which incorporates cutting parameters such as(spindle speed and feed
rate) on many levels to cover a wide range of the cutting parameter values.
The literature review presented in chapter 2 also showed that previous work on machin-
ing metals and composites using different cooling strategies such as conventional flooding,
minimum quantity lubrication, cryogenic machining and high-pressure cooling were mainly
used with hard to cut metals such as titanium and steel, and to a less extent in the recent
decade on composites. The literature review also showed that the limited research con-
ducted on the machinability aspects of fibre metal laminates was directed to explore dry
drilling and milling operations, with some reported literature on semi-dry milling. Semi-dry
cooling strategies were encouraging in milling operations since they gave a better surface
finish than dry machining at room temperature, especially when machining thick laminates.
The literature also showed a research gap where there were no reported studies on the
implementation of any kind of coolants including MQL and LN2 on drilling GLARE due
to the small thickness of the laminates used in previous machining studies. Therefore in
this thesis, a better understanding towards the feasibility of shifting from conventional dry
machining to minimum quantity lubrication (MQL) and cryogenic liquid nitrogen cooling
(LN2) was also established to highlight the benefits of such coolants. The machining perfor-
mance of MQL and LN2 cooling strategies were encouraging to test with GLARE since in
most previously reported studies gave a better hole quality than that from dry drilling. The
current research aims to fill this gap by incorporating MQL and LN2 cooling methods in
the drilling of GLARE fibre metal laminates as a potential environmentally friendly cooling
strategies. The thesis also aims to demonstrate an in-depth comparison between those two
cooling technologies and dry drilling of GLARE to facilitate the sustainable advantages and
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disadvantages of machining using those coolants on cutting forces and hole surface finish.
The scope of this thesis is limited to the experimental study of twist drilling operation which
has been achieved through the implementation of design of experiment methodology using
full and fractional factorial designs and response surface methodology. The experimental
drilling tests were carefully designed trials of different experimental factors (spindle speed
and feed rate) -in addition to (coolant flow rate and coolant air pressure for MQL trials)-
and their levels have been considered by covering a wide range of cutting parameters similar
to the previous chapters on dry drilling of Al2024-3, GLARE 2B and GLARE 3 laminates.
The research on drilling of Al2024-T3 was mainly motivated by the major study in the
current research on drilling GLARE fibre metal laminates. The aim is to draw some of the
similarities and differences in their machinability since Al2024-T3 makes up the metallic
part of the laminate. The study was also motivated by the fact that in most of the earlier
scientific research, the cutting speeds used were below n= 5000 rpm and using fewer combi-
nations of cutting parameters. Moreover, only a handful of studies used coated 6 mm drill
diameter in their Al2024-T3 drilling experiments and none for GLARE. The following can
be concluded:
• When Al2024-T3 is machined at low spindle speed and feed rate, the cutting forces and
surface finish/damage are low. Increasing the spindle speed or the feed rate results in
an increase in the cutting forces and surface roughness. Increasing the spindle speed
increase the potential for a built-up edge on the cutting tool while increasing the feed
rate increases the chance of internal surface damage. Under tested cutting parameters,
the burr height and thickness were small and the holes do not require any additional
deburring process. Moreover, it is most likely that the holes will be oversized and
increase with depth. Under the tested cutting parameters. Under tested cutting
parameters, the optimum spindle speed and feed rate which gives best hole quality
parameters is when drilling at n = 3000 rpm and f = 300 mm/min. At those cutting
parameters, the chip formed was small and broken and easy to evacuate. In addition,
the internal hole surface quality inspection using SEM and 3D surface scanning showed
the absence of damage and minimal feed marks on the borehole surface.
• On the basis of hole quality achieved in GLARE laminates, drilling at a spindle speed
of 6000 rpm or less and feed rates of 300 mm/min and less, showed minimum hole
damage, better surface finish and reduced burr formations. The application of MQL
and cryogenic coolants improved the hole quality in terms of surface roughness, exit
burr formations and built up the edge on cutting tool, but was found to increase thrust
force and entry burr height. Drilling of GLARE laminates is more challenging that
Al2024-T3 alloy due to the brittle nature of glass fibre layers and the difficulty in de-
tecting drilling-induced damage such as delamination. Measurements of cutting forces
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reveal that they can directly influence the hole quality. The lower are the cutting
forces, the better is the hole quality. The investigation in this research indicated that
hole quality improved in terms of reduced surface roughness, reduced exit burr for-
mations and prevention of waste formation can be achieved by optimising the cutting
parameters (spindle speed and feed rate) and the use of coolants.
• The evaluation of machined surface quality by roughness measurement was not previ-
ously investigated by the few reported studies on drilling GLARE. This is due to the
small thickness of laminates, which made surface roughness difficult to measure. More-
over, the alternating metal composite structure of GLARE laminates makes it very
difficult to evaluate the surface roughness of aluminium sheets and glass fibre layers
individually using 2D mechanical surface profilometers. The presence of two distin-
guishable zones in GLARE laminates gives relatively very different values of surface
roughness, one with high surface roughness from glass fibre layers and one with low
surface roughness from aluminium sheets. Moreover, the fibre orientation plays a sig-
nificant role in the local and overall surface roughness of the laminate. Therefore, a
state of the art three-dimensional optical microscopy device was used to determine
the surface roughness of individual layers in GLARE, and to depict the influence of
fibre orientation on hole quality and surface finish which have not been reported in
previous GLARE machining studies.
• From the analysis the surface roughness of Al2024-T3 alloy, it was found that ma-
chining at low spindle speed and feed rate gives lower/smaller surface finish/damage.
Increasing the spindle speed or the feed rate results in an increase in the surface rough-
ness while increasing the feed rate increased the chance of internal surface damage.
The average surface roughness ranged from 1.1 to 3 µm(with the exception of holes
drilled at n= 1000 rpm and f= 600 and 900 mm/min) which was similar to previously
reported studies on machining Al2024-T3 alloy. For dry drilling of GLARE laminates,
The average surface roughness ranged from 1 to 3 µm (with the exception of holes
drilled at n= 1000 rpm and f= 600 and 900 mm/min). Increasing the spindle speed
and the feed rate increased the surface roughness. GLARE grades with a cross-ply
configuration such as GLARE 3 produced holes with relatively higher surface rough-
ness compared to unidirectional ones such as GLARE 2B while the hole depth did not
seem to have an impact on surface roughness. Machining GLARE using MQL and
cryogenic coolants showed that the interaction of the feed rate and air pressure ap-
peared to have a minimal influence on the surface roughness. The application of MQL
and cryogenic coolants improved surface roughness of the machined hole. For exam-
ple, in cryogenic machining, the average surface roughness increased with the feed rate
and spindle speed increase but was reduced considerably compared to dry and MQL
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conditions at spindle speeds of n= 9000 rpm. The overall average surface roughness
in GLARE 2B and Al2024-T3 alloy were similar using same cutting parameters with
slightly higher in GLARE 2B due to the presence of glass fibre layers.
• A design of experiment (DOE) methodology was employed throughout the experi-
mental work to determine the effects of machining parameters (spindle speed and feed
rate) on key machinability hole quality outputs to determine the suitable machining
parameters. The DOE can be also used as an aid for future studies to avoid damage
and to further optimise the process parameters. From these experiments, the empiri-
cal relationships between cutting parameters and hole quality outputs were analysed
using linear and nonlinear models. Both cutting parameters were identified as the key
parameters in influencing the hole quality outputs.
• In MQL, the coolant flow rate and air pressure had a very limited influence on cutting
forces, while the coolant flow rate and air pressure had a minor effect on burr height.
Using liquid nitrogen as a coolant increased the post machining hardness of the upper
and lower aluminium sheets of the workpiece from 6.5-9.5 % and increased cutting
forces considerably compared to dry and MQL. MQL and dry conditions produced
holes sizes near the nominal diameter of the drill at both locations while hole circularity
was reduced by more than 70 % using cryogenic liquid nitrogen compared to MQL
and dry conditions.
• A limited number of tests were conducted for workpiece temperature measurement
due to the limitation of time and resources. However, these tests give a good idea
of the effect of cutting parameters, fibre orientation and MQL cooling on the gener-
ated cutting temperatures during the drilling of GLARE. The infrared thermos vision
techniques used in the current study suggests the possibility of using those methods
to measure the temperatures fields in the machining processes which can serve as a
good foundation for future research work involving machining fibre metal laminates
and as a tool for temperature monitoring. The emissivity of GLARE found in the
current study can be used as an input for future studies which requires measuring the
machining temperature of GLARE laminates using infrared techniques.
• The application of MQL could significantly reduce machining temperatures compared
to dry when drilling at spindle speeds of n= 6000 rpm and feed rates of f= 600 and 900
mm/min, and n = 9000 rpm and feed rates of f= 900 mm/min which indicates that
MQL can be more effective at higher feed rates due to short drilling time period which
prevents the evaporation of MQL coolant and provide sufficient lubrication at the
tool-workpiece cutting zone. As a result, it could be concluded that cryogenic cooling
and MQL are an effective method to dry drilling of GLARE fibre metal laminates.
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Application of liquid nitrogen cooling and MQL in the drilling of GLARE can provide
environmentally friendly machining and improve the surface finish of machined part.
• The quantification of surface delamination was achieved by the utilisation of com-
putational vision techniques, based on an existing image processing software. The
computerised tomography scanning enabled viewing glass fibre layers in GLARE lam-
inates in binary form. Another image processing software allowed the measurement
of delamination factor by calculating the delaminated area around the hole. Based
on the information collected on cutting force, hole quality parameters and analysis
techniques from CT, SEM, 3D surface roughness and optical scans, an optimum range
of parameters was determined, based on previously reported tolerances of machining
metals, composites and composite metal stack for aerospace applications.
• Computerised tomography CT scan of drilled holes in GLARE laminates is a good
technique for delamination detection. The structured nature of GLARE laminates
makes it difficult to inspect glass fibre layers directly as they are surrounded by alu-
minium sheets from both sides. The utilisation of CT scan allows the visualisation
of glass fibre layers to observe the size and depth of the damage which occur under
different GLARE grades, cutting parameters, thicknesses and cooling conditions. De-
spite that the delamination factor in glass fibre layers in GLARE was found to be
negligible, the criteria itself is useful as it can be applied to images of the drilled hole
obtained by CT scanning technique. The criteria can give useful information on the
damage level around the hole and can be used as a powerful tool to relate the severity
of damage to cutting parameters, fibre orientation or workpiece thickness.
• The damage in borehole surface is related to the workpiece thickness and fibre orien-
tation. Interlaminar failure during drilling is more likely to occur in GLARE 3 than in
GLARE 2B because laminates with cross-ply configuration are mechanically weaker
than unidirectional ones which mean that the influence of the feed rate is greater in
GLARE 3 than on GLARE 2B. Analysis of borehole surface shows signs of fibre pulls
out, shearing of the fibre-epoxy matrix and interlayer burr formation in limited regions
at ± 45◦ with respect to the 0◦ fibre orientation.
• The limited cutting data reported by previous studies on drilling GLARE made the
establishment of a starting point to the development of cutting parameter analysis
and optimisation more difficult. The range of tested cutting parameters was based on
previous studies on drilling GLARE, composite metals stacks and aluminium alloys.
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8.2 Recommendations for Future Work
The comprehensive investigations and findings on the twist drilling of GLARE fibre metal
laminates and Al2024-T3 alloy have been demonstrated in this thesis. Based on this research,
potential areas of future work are given below for improving their machinability are outlined
as follows:
• This research focused on the application of drilling GLARE fibre metal laminates using
6 mm TiAlN coated carbide drills. Although using this cutting tool showed good hole
quality results in terms of surface roughness, burr formation, hole size and minimal
delamination. A comparison against other cutting tool coatings, types and geometries
would be significant to determine the best cutting tool which gives an overall optimum
hole quality. Suggested areas of research include studying the effect of point angle and
coating type of the cutting tool.
• Airbus is interested into finding the optimum cutting parameters for drilling holes in
GLARE wing structures using 4.8 mm cutting tools.
• Airbus is interested in finding the optimum cutting parameters for drilling very thick
GLARE laminates.
• In this research, only two grades of GLARE were investigated. Further research is rec-
ommended to inspect the machinability of the remaining grades to obtain a broader
knowledge and comparison among all GLARE grades for optimum machining param-
eters.
• A very interesting area of research is to investigate the impact of applying minimum
quantity lubrication and cryogenic cooling using liquid nitrogen and carbon dioxide
internally through the cutting tools and compare its effectiveness with the current
external cooling methods applied in this research. âĂć
• The current work on temperature measurements in drilling GLARE was carried out
under dry and MQL conditions, the measurement of induced cutting temperature
when using cryogenic liquid nitrogen is recommended to evaluate the performance of
those coolants with dry drilling.
• Although not discussed in the current thesis, a decent amount of research was carried
out by using finite element modelling (FEM) to simulate the drilling process of Al2024-
T3 alloy and GLARE fibre metal laminates and reasonable prediction of cutting forces
was achieved. This area has not been investigated previously and it is highly recom-
mended to perform a complete research on finite element modelling of the machining
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process of fibre metal laminates to help understand the cutting mechanisms involved
and to accurately predict cutting forces, delamination and developed temperatures.
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An experiment can be defined as a structured set of coherent tests that are analysed as a
whole to obtain an understanding of the process [387]. Statistical design of experiments
(DOE) is a numerical method aiming to maximise the amount of information and to deter-
mine the relationship which exists between controlled factors affecting a process, and the
output of that process [302]. DOE is often used in applications which require a large number
of trials to reduce the process costs by running a fewer number of trials and speeding up the
process. For example, when a machining trial is controlled by two or more input factors, the
input factors can influence the output response individually or by interacting with another
factor. Experimental design can be used to give an idea about the effect of each factor and
the interaction of these factors with each other. In any design of experiment test, there are
three elements involved which are: the factors to be tested, the levels of that factor and the
experiment conditions such as the number or runs, repetitions, randomization, etc. as shown
in Figure A.1. For any design of the experiment, a series of steps is undertaken to determine
the best route to carry out the experimental design as shown in the flow chart in Figure
A.2. The steps from 1 to 4 are performed during the planning stage of the experiment. Part
of the planning stage studies previous work done on similar problems in order to determine
the input parameters and outputs of the study. The steps from 5-8 are carried out during
the screening process stage which aims to determine the most influential factors from a list
of many potential ones [302], usually in screening stage the designs are limited such that
they can only estimate the effects of each factor and their linear interactions, but canâĂŹt
estimate individual pure quadratic effects, however it can detect them effectively [388]. The
steps from 8 to 10 are conducted during the optimisation process stage (commonly known
as response surface designs) which aims to better understand and optimise the response of
the study. Response surface designs are used to refine the models after determining the
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Figure A.1: Schematic for a typical process with controlled inputs, outputs, uncontrolled
factors [302]
important factors from the screening trials, they can also detect higher order interactions
between input factors and minimise/maximise the outputs.
Figure A.2: Design of experiments flowchart
There are three major types of experimental design which are frequently used to determine
the important factors in engineering problems which are shown in Figure A.3. Full and
fractional factorial designs are good for screening purposes and identifying the linear in-
teractions between the inputs. Response surface designs (RSM) are for more robust and
usually used for improving the optimal process settings.
Figure A.3: Types of design of experiment
A.0.1 Analysis of Variance (ANOVA)
Analysis of variance also known as ANOVA is a statistical- oriented decision-making method
to test the hypothesis that the means of two or more populations are equal [388]. ANOVA
is used to test generally rather than specific differences among means at the different factor
levels [389, 390]. ANOVA results are usually summarised in a table as shown in Table A.1.
The first row in the table contains information about the degrees of freedom (DF) which
refer to terms in the sum of squares (SS) that can be assigned arbitrarily [390]. The degrees
of freedom for ANOVA analyses for a specific set equals n-1, where n is the number of
observations in the set. The second row represents the sum of squares (SS) which measures
the variation from the mean [388]. SS is calculated by summing the squares of the differences
from the mean considering the sum of squares from factors and randomness or error. The
mean sum of squares (MS) is the sum of squares (SS) divided by the number of degrees of
freedom. F is the variance ratio which equals the mean sum of squares (MS) divided by
the means square error. F is compared 5 % and 1 % F (from standard F tables) to analyse
the main effect or interactive effect has a significant effect on selected response with 95 %
confidence level [388]. Therefore, a factor is said to have a significant effect on a response if
F value is less than the calculated F value. The P value is used to determine if the results
are statically significant. P-value ranges from 0 to 1. P-value measures the probability of
evidence against the null hypothesis [388]. The lower the P value the more significant the
test statistic is. A value of 0.05 is often used to determine whether an input, its square term
or an interaction of two or more inputs are significant to the output factor. The percentage
of contribution is the ratio of the sum of square for each source input over the total sum of
squares for all sources in percentile form. The percentage contribution shows the relative
amount of variance a particular source contributes to the process (considering only those
with a P-value < 0.05). In RMS, the response parameters (Y) are given by a second order
Table A.1: An example of a typical ANOVA table.
response equation which is expressed as a function of the spindle speed (n), the feed rate
(f), their linear interaction (n × f) and their quadratics n2, f2. The relationship between
the output and input parameters can be related as shown in the following equation:
Response(Y ) = A0 +A1.n+A2.f +A3.f.n+A4.n2 +A5.f2 (A.1)
Where:
• Y is the response output.
• n, f are spindle speed and feed rate respectively.
• A0 to A5 are regression coefficients associated with the model.
The lack of fit tests checks whether the model fits the data well and is only available when
carrying out a test with replicated values of the model effects. The test calculates an
estimation of pure error using the replicated data in an experiment. For example, checking
for the assumption of linearity in the model, such that a small P value of lack of fit is an
indication of a lack of fit (i.e the means are not linear in the model). However, having a
lack of fit does not show what would be the right relationship in the model. For example, a
transform function such as logarithmic transform function might be needed, or it could be
the need of adding additional explanatory terms to the model which have not been included
previously in the analysis. The R2 determines how much of the variance in the output
variable Y is explained by the regression model. A linear model with R2 of 0.89 suggests
that 89 % of the variation in output variable can be explained with the linear equation.
The same also applies to multiple regression models but on a linear and polynomial level.
R-squared, is a unit-less statistical measure known as the coefficient of determination value.
R-squared ranges between 0.0 and 1.0 and is calculated by dividing the sum of squares (SS)
explained by a regression model and the total sum of squares around the mean. Further
experimental data analysis is carried out on GLARE 2B 11/10 to investigate the influence
of input parameters (spindle speed, feed rate) on the output responses (cutting forces,
surface roughness, etc..). The drilling tests data are based on factorial central composite
design consisting from three-factor-three-level system. Multiple regression analysis using
response surface methodology is employed to build the mathematical relationships between
the input factors and the output responses. The developed models are also verified using
the analysis of variance ANOVA. The main, linear and quadratic interactions effect of the
input variables which are used to predict the output responses are investigated. Finally, the
multiple regression models are tested for their accuracy of predicting the output responses
using new drilling parameters.
Appendix B
Comparison graphs of GLARE 2B
11/10 and Al2024-T3 alloy
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